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Section S1. Detailed derivation of the spin-unlocked achromatism condition

[bookmark: OLE_LINK10][bookmark: _Hlk165475074]For an arbitrary spatial- and frequency-dependent phase profile , it can be expanded as Taylor series near a design angular frequency ω0 as

	




[bookmark: OLE_LINK12]where r =  is the radial position from the center of metasurface, ω0 is chosen as the starting angular frequency within the entire operating bandwidth of metasurface, F is the designed focal length.  represents the calculated phase at angular frequency ω0 and at position r, whereas  and  are the group delay and group delay dispersion at ω0 and at position r, respectively. 
As described in the main text, we consider two meta-atoms positioned at arbitrary positions on the metasurface, denoted as meta-atom M and meta-atom N. The phase responses under RCP and LCP normal incidences are

		



where the superscript “” denotes the spin states of RCP or LCP, respectively. rM and rM represent the positions of meta-atom M and N on the metasurface, respectively. Moreover,  and  have the following relationship:

		

Their RCP and LCP phase differences in the operating bandwidth  can be calculated as

		

where  represents the RCP or LCP group delay differences between meta-atom M and N at ω0.

To satisfy the condition of achromatism in both CP channels,  should be linearly proportional to the angular frequency ω. 
To begin with, we describe the derivation of linear phase difference requirement for an achromatic meta-lens. The phase profile of a meta-lens can be calculated as

		
where ω is the working angular frequency, c is the speed of light, r is the distance from each meta-atom to the center, and F is the focal length.

To optimize the phase profile, an additional phase shift  is introduced, where a and b are constants. This phase shift has no impact on the focusing performance. Thus, the phase profile can be modified to

		
For an achromatic meta-lens, where F is constant, the phase difference between any two meta-atoms can be calculated as

		
where rM and rN are the distances from meta-atom M and N to the center, respectively. The above equation clearly shows that the phase difference between any two meta-atoms is linearly proportional to the angular frequency ω. 
[bookmark: _Hlk165472441]The derivation of an achromatic beam deflector follows a similar principle. According to the general Snell’s law [1], the reflection angle θr under the normal incidence of a plane wave is given by

[bookmark: _Hlk165469607]		

		



Where λ is the wavelength in free space,  is the phase gradient along r direction, c is the speed of light, and  is the group delay difference between two adjacent meta-atoms along x direction. For achromatism, where the reflection angle θr remains unchanged as the frequency varies,  should be a constant. Thus, the phase difference between any two meta-atoms must be linear with frequency ω. 
This leads to the following condition:

		

where  represents the RCP or LCP group delay differences between meta-atom M and N at ω0. 



[bookmark: MTBlankEqn]For a meta-device with given wave functionalities, ,  and ω0 are directly determined. For the achromatic meta-lens, we can determine the group delay difference  with

		
While for the beam deflector, the group delay difference can also be easily derived as

		

Finally, solving Eq. (S10) with the condition  yields the spin-unlocked achromatism condition:

		

Section S2. Detailed design process of meta-atom
The simplest structure to realize AA phase is a quasi-I-shaped meta-atom composed of two arcs and a half-wave bar [2], as shown in Fig. S1a. The surface current is excited at the right and left part of the structure under RCP and LCP waves, respectively, indicating that these segments control the RCP and LCP reflection phase responses independently. By varying the angles θR and θL that correspond to the arc lengths, the surface current starting from the end of the arc rotates, generating AA phase and enabling spin-independent phase shifts. However, it is important to note that while AA phase can be controlled effectively, the group delays remain relatively constant as θR and θL vary from 20° to 80°.
To enable variable group delays, a new umbrella-shaped meta-atom is developed based on the above structure. This new design, shown in Fig. S1b, comprises an arc and two bars placed off the center of the arc. As θR and θL increase from 30° to 85°, the independent RCP and LCP group delays vary from 8 ns to 15.9 ns, while maintaining a high average amplitude above 0.7 for most of the meta-atoms within the frequency range of 8 GHz to 12 GHz.
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Fig. S1 Evolution of meta-atoms and their EM responses. The structure and the induced surface current, the average reflection amplitude, the group delays and phase at the starting working frequency ω0 of (a) the quasi-I-shaped meta-atom and (b) the umbrella-shaped meta-atom under RCP and LCP waves.

On top of that, as outlined in the main text, achieving a 180-degree coverage of phase variation at the starting working angular frequency ω0 involves two methods. The first method varies the lengths of the bars, which independently affects the phase shifts of RCP and LCP waves with minimal impact on group delays. The second method introduces rotation of the two bars to generate AA phase, allowing for an independent phase shift at ω0. However, it is worth noting that this method can lead to a significant reduction in the reflection amplitude of the umbrella-shaped meta-atom, particularly at large rotation angles. As depicted in Fig. S2, let αR denote the rotation angle of the right bar of the umbrella-shaped meta-atom. Since the right and left part of the meta-atom independently control the RCP and LCP reflected waves, respectively, we focus on observing the EM responses solely as αR varies for simplicity. As we can see, the amplitude of the umbrella-shaped meta-atom decreases significantly as αR varies. This reduction is attributed to the crossing of bars during rotation, which destroys the original resonant modes and thus affects the amplitude.
[image: A diagram of different types of lines
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Fig. S2 EM responses of umbrella-shaped meta-atom as the right dipole rotates. (a) Schematic of the umbrella-shaped meta-atom. (b, d) Reflection amplitude under (b) RCP and (d) LCP waves. (c, e) Reflection phase under (c) RCP and (e) LCP waves.

In order to maintain a relatively high reflection amplitude while rotating the bars, a twin-umbrella-shaped meta-atom is evolved, as introduced in the main text. This new design miniaturizes the original arc and splits it into two independent arcs, thereby enlarging the variation range of θR and θL. Additionally, a larger space between the two bars minimizes the impact on the destruction of resonant modes during rotation. The fundamental working principle of the meta-atom remains consistent with the previous one, as demonstrated by the surface current distribution shown in Fig. S3. The surface current concentrates on the right and left parts of the structure under RCP and LCP waves, respectively. As the arc lengths increase, the surface current starting from the end of the arc rotates, generating AA phase that independently controls the RCP and LCP reflection phase responses. 
[image: A diagram of different types of curves
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Fig. S3 Induced surface current of the twin-umbrella-shaped meta-atom under the normal illumination of RCP and LCP waves.

Figure S4 presents the EM responses of the twin-umbrella-shaped meta-atom, as a supplement of the results in the main text. Figure S4a, e and i illustrate the schematics of the structural parameters. The group delay and phase at ω0 under LCP illumination are depicted in Fig. S4c, d, g, h, k and l, which are identical with the RCP responses illustrated in the main text, further demonstrating the spin-independent dispersion properties of the meta-atom. Moreover, the average amplitude of the twin-umbrella-shaped meta-atom, depicted in Fig. S4b, f and j, remains above 0.7 across most cases, with θR, θL varying from 90° to 240°, lR, lL varying from 4 mm to 7 mm and αR, αL varying from -30° to 45°, indicating strong performance of the meta-atom. 
[image: A screenshot of a computer generated image
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Fig. S4 EM responses of the twin-umbrella-shaped meta-atom. (a, e, i) Schematics of the structural parameter: (a) θR, θL, (e) αR, αL and (i) lR, lL. (b, f, j) The average reflection amplitude, (c, g, k) group delay and (d, h, l) phase at ω0 of the twin-umbrella-shaped meta-atom as (b, c, d) θR, θL varies from 90° to 240°, (f, g, h) αR, αL varies from -30° to 45° and (j, k, l) lR, lL varies from 4 mm to 7 mm.

[bookmark: _Hlk202368847]The above results all pertain to the cross-polarized components, i.e., |RCP⟩→|RCP⟩ and |LCP⟩→|LCP⟩ channels. To further verify that the meta-atom efficiently operates in the cross-polarized channel, Fig. S5 presents the amplitude responses of the co-polarized components, i.e., |RCP⟩→|LCP⟩ and |LCP⟩→|RCP⟩ channels. Figure S5a, d and g illustrate the schematics of the structural parameters. Figure S5b, e, and h show the average reflection amplitudes for the |RCP⟩→|LCP⟩ channel, while Fig. S5c, f and i present those for the |LCP⟩→|RCP⟩ channel. It can be clearly observed that, in most cases, the reflected average energy in the co-polarized channels is lower than 20%. This result further validates that the majority of the incident energy is efficiently converted into the cross-polarized components.
[image: ]
[bookmark: _Hlk202368995]Fig. S5 Co-polarized EM responses of the twin-umbrella-shaped meta-atom. (a, d, g) Schematics of the structural parameter: (a) θR, θL, (d) αR, αL and (g) lR, lL. (b, c, e, f, h, i) The average reflection amplitude for (b, e, h) |RCP⟩→|LCP⟩ and (c, f, i) |LCP⟩→|RCP⟩ channels as (b, c) θR, θL varies from 90° to 240°, (e, f) αR, αL varies from -30° to 45° and (h, i) lR, lL varies from 4 mm to 7 mm. 

Section S3. Underlying physics of the group delay manipulation
The group delay is directly related to the resonance characteristics of the meta-atom, which can be inferred from the strength of the induced surface currents. A stronger resonance—characterized by more intense surface currents—leads to a more rapid phase variation with frequency, thereby increasing the group delay, whereas a weaker resonance results in a more gradual phase accumulation and a smaller group delay [3, 4]. This resonance-strength-based mechanism enables precise control of group delay in individual spin channels after their decoupling by the AA phase.
Figure S6a and b illustrate the reflection amplitude and phase for RCP and LCP incident waves, respectively. As the independent spin control has already been validated in the main text and Section S2, here we focus on the RCP case for further analysis. The four meta-atoms exhibit distinct group delay and phase characteristics. Meta-atoms 1 and 3 demonstrate significantly larger group delays compared to 2 and 4. Furthermore, meta-atoms 3 and 4 show additional phase modulation due to partial rotation.
The physical origin of the group delay variation is clarified by analyzing the surface current distributions shown in Fig. S6c–f. Under the RCP wave illumination, the surface currents are concentrated on the right half of each meta-atom, while the left half remains nearly inactive, indicating that the RCP response is predominantly governed by that region. Meta-atoms 1 and 3 feature strong surface currents, corresponding to stronger resonances and consequently larger group delays. In contrast, meta-atoms 2 and 4 possess shorter right-side metallic arcs, exhibit weaker surface currents that are mostly confined to the bottom bar, thus resulting in weaker resonance and smaller group delays. Furthermore, the phase shift in meta-atoms 3 and 4 suggests that, despite this additional modulation, the fundamental mechanism of group delay tuning still arises from resonance strength and remains unchanged.
In summary, the group delay differences among the four meta-atoms are determined by the resonance strength of each spin-unlocked substructure, as indicated by the AA phase mechanism. This provides a powerful tool for independently engineering phase and dispersion at the meta-atom level, enabling flexible and broadband spin-unlocked achromatic wavefront shaping.
[image: ]
[bookmark: _Hlk196141562]Fig. S6 Mechanism of group delay manipulation. (a) Reflection amplitude and phase for the RCP channel. (b) Reflection amplitude and phase for the LCP channel. (c–f) Surface current distributions of meta-atoms 1–4 under RCP illumination. (c) and (e) correspond to meta-atoms with larger group delays, whereas (d) and (f) exhibit smaller group delays. The phase shifts observed in (e) and (f) confirm that despite phase variations, the mechanism of group delay tuning still arises from resonance strength and remains unchanged. The structural parameters are: (c) θR = 110°, θL = 160°, αR = 15°, αL = 0°, lR = 7 mm, lL = 5 mm. (d) θR = 75°, θL = 160°, αR = 15°, αL = 0°, lR = 7 mm, lL = 5 mm. (e) θR = 180°, θL = 160°, αR = 45°, αL = 0°, lR = 5 mm, lL = 5 mm. (f) θR = 45°, θL = 160°, αR = 45°, αL = 0°, lR = 5 mm, lL = 5 mm.

[bookmark: _Hlk203517306][bookmark: _Hlk202295926]Section S4. Mechanism behind the broadband and efficient circular polarized reflection of the meta-atom
In this section, we utilize Jones matrix theory to systematically analyze the mechanism behind the broadband and efficient circular polarized (CP) reflection of the meta-atom. The EM response of a single meta-atom can be described by a 2 × 2 Jones matrix:

		

where x and y represent the orthogonal linearly polarized (LP) states. Then, the input-output relationship of the electromagnetic field can be mathematically expressed through matrix multiplication: Eout = JLP × Ein. Each matrix element, rij = Aij, represents the complex reflection coefficient from j-polarized input to i-polarized output, with Aij and φij corresponding to the amplitude and phase responses, respectively. Then, we can convert the Jones matrix into the CP basis:

		

where  is the unitary transformation matrix from the LP basis to the CP basis. Note that the reflected wave propagates in the +z direction, while the incident wave is defined along −z. This leads to a reversal in the sign of the spin state upon reflection, which is accordingly incorporated in JCP. Due to the asymmetric structure, rxy = ryx ≠ 0, then JCP is further simplified as

		
If the meta-atom is rotated by an angle θ along the z-axis, the geometric phase can be introduced. This additional geometric phase modifies the Jones matrix as

		



where is the rotation matrix. The modified cross-polarized components , now incorporate a geometrically induced phase term of ±2θ.
To further elucidate the underlying mechanism, we consider a special case, with rxy = ryx = 0. Then, Eq. (S17) is further simplified as

		
Then, the amplitudes and phases of the co-polarized and cross-polarized reflection components can be expressed as

		




where Δφ = φxx – φyy is the phase difference between x- and y-polarized waves. It is evident that when Δφ = 180°, the co-polarized reflection components vanish, and the cross-polarized components reach unity ( =  = 1,  =  = 0). Therefore, high-efficiency broadband CP reflection can be realized when the structure exhibits high reflection amplitudes under two orthogonal LP waves, accompanied by a broadband phase difference close to 180°.
We analyze the reflection amplitude and phase responses under both CP and LP incidence, along with surface current distributions, as shown in Fig. S7. Figure S7a presents the schematic of the meta-atom. The reflection coefficients under CP incidence are plotted in Fig. S7b, showing efficient cross-polarized reflections across the 8–12 GHz band. As previously discussed in Section S2, the surface currents concentrate on the right and left sides of the meta-atom under RCP and LCP illumination, respectively, demonstrating spin-unlocked behavior, as illustrated in Figs. S7c and d. Figure S7e shows the amplitude and phase responses under x- and y-polarized waves, with near unity and zero co-polarized and cross-polarized reflection, respectively, while Fig. S7f shows the corresponding phase difference. It is observed that at 9 GHz and 10.5 GHz, the phase difference reaches 180°, resulting in unity cross-polarized CP reflection consistent with the results in Fig. S7b. Figure S7g and h depict the surface current distributions under x- and y-polarized waves, respectively. Due to the anisotropic nature of the structure, the currents concentrate at different regions of the meta-atom under different LP excitations, enabling strong reflection amplitudes and a broadband 180° phase difference. Together, these characteristics facilitate efficient and broadband CP reflection.
[image: A diagram of a graph
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[bookmark: _Hlk202370124]Fig. S7 Analysis of the broadband and efficient circular polarized reflection of the meta-atom. (a) Schematic of the meta-atom. (b) Reflection coefficients under CP incidence. (c) Surface current distributions under RCP incidence. (d) Surface current distributions under LCP incidence. (e) Reflection coefficients under LP incidence. (f) Reflction phase difference under LP incidence. (g) Surface current distributions under x-polarized incidence. (h) Surface current distributions under y-polarized incidence. The structural parameters of the meta-atom are: θR = 220°, θL = 160°, αR = 20°, αL = 20°, lR = 5 mm, lL = 3.2 mm, θ = 30°.

Section S5. Broadband nature of the phase and group delay control
The broadband nature of phase and group delay control is demonstrated in Fig. S8, which presents the EM responses of the twin-umbrella-shaped meta-atom under different parameter variations. As shown in Fig. S8a and b, varying θR from 90° to 240° enables the modulation of the RCP group delay while maintaining a stable LCP group delay across a broad frequency range. Similarly, Fig. S8c and d illustrate that adjusting αR induces a significant RCP phase shift with minimal impact on LCP phase. Further, Fig. S8e and f show that tuning lR expands the RCP phase variation while keeping the LCP phase nearly unchanged. These results confirm that the meta-atom enables robust and independent dispersion control over a wide spectral range, ensuring its broadband operational capability.
[image: A diagram of different types of electrical components
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Fig. S8 EM responses of the twin-umbrella-shaped meta-atom with the variation of (a, b) θR, (c, d) αR, (e, f) lR. The left column (a, c, e) presents the RCP responses, while the right column (b, d, f) shows the LCP responses. The other structural parameters are kept constant as follows: (a, b) θL = 200°, αR = 0°, αL = 0°, lR = 5 mm, lL = 5 mm. (c, d) θL = 180°, αL = 0°, lR = 5 mm, lL = 5 mm, with θR = 180° + αR to maintain a constant group delay. (e, f) θR = 210°, θL = 210°, αR = 30°, αL = 30°, lL = 5 mm.

Section S6. Performance of the meta-atom under oblique incidence
[bookmark: _Hlk203235624]To evaluate the angular stability of the proposed meta-atom, we investigated its reflection performance under obliquely incident CP waves.
Figure S9a shows the schematic of the selected meta-atom, whose structural parameters are designed to yield a large group delay under RCP illumination and a small group delay under LCP illumination. This contrast allows a clearer observation of the group delay variation with respect to the incident angle. Figure S9b and c present the simulated reflection amplitude and phase responses of the meta-atom under RCP and LCP illumination, respectively, for incident angles ranging from 0° to 60°. Within the angular range of 0° to 30°, the reflection amplitudes for both CP channels remain above 0.7 across the 8–12 GHz band. The phase responses exhibit only slight variations with angle, preserving stable group delays.
These results confirm that the proposed meta-atom maintains high efficiency and stable dispersion behavior under moderate oblique incidence, demonstrating good angular robustness, which is critical for practical achromatic applications.
[bookmark: _Hlk204246852][image: ]
Fig. S9 Performance of the meta-atom under oblique incidence ranging from 0° to 60°. (a) The schematic of the meta-atom. (b) RCP amplitude and phase responses under the illumination of RCP oblique incident waves. (c) LCP amplitude and phase responses under the illumination of LCP oblique incident waves. The structural parameters of the meta-atom are: θR = 220°, θL = 160°, αR = 20°, αL = 20°, lR = 5 mm, lL = 3.2 mm, θ = 30°.

Section S7. The potential of the bandwidth extension of the meta-atom
The bandwidth of achromatic metasurfaces is jointly determined by the amplitude, phase, and group delay responses. Unlike conventional designs where functionality depends primarily on PB phase, achromatic designs require careful engineering of linear phase responses, i.e., a consistent group delay profile, across the operating band. One potential approach to improve the amplitude bandwidth, especially for CP reflection, is to increase the dielectric thickness, which may enhance impedance matching. However, this does not necessarily lead to a broader group delay bandwidth, as increasing the thickness also alters the dispersion characteristics and can degrade the linearity of the phase response, resulting in inconsistent group delay across the operating band.
To better illustrate this trade-off, Fig. S10 presents the amplitude and phase responses of the meta-atom with varying dielectric thickness h. When h = 2 mm or 3 mm, poor impedance matching is observed across most of the band, with high reflection amplitude only at around 8.5 and 10 GHz. The strong amplitude fluctuations lead to abrupt phase shifts, resulting in poor phase linearity. When h = 4 mm, impedance matching is significantly improved, yielding reflection amplitudes above 0.8 across 8–12 GHz and a smooth, linear phase response. However, further increasing h to 5 mm or 6 mm again introduces strong amplitude fluctuations, with high reflection amplitude only at around 10 GHz and 11.5 GHz, while the phase linearity becomes poor, especially at high frequencies. Therefore, considering both reflection amplitude efficiency and phase linearity, h = 4 mm is selected as the optimal dielectric thickness.
[image: ]
[bookmark: _Hlk202370739]Fig. S10 The amplitude and phase responses of the meta-atom with the variation of the dielectric thickness h from 2 mm to 6 mm. (a) The schematic of the meta-atom. (b) RCP amplitude and phase responses under the illumination of RCP waves. (c) LCP amplitude and phase responses under the illumination of LCP waves. The structural parameters of the meta-atom are: θR = 220°, θL = 160°, αR = 20°, αL = 20°, lR = 5 mm, lL = 3.2 mm, θ = 30°.

Section S8. Structural parameters of meta-atoms of spin-unlocked achromatic beam deflectors
As illustrated in the main text, θR, lR and αR control the RCP performance of the meta-atom, while θL, lL and αL control the LCP performance. We can flexibly and independently manipulate the RCP and LCP dispersion characteristics via these structural parameters. The structural parameters of meta-atoms are listed in Table S1 and S2. 
Table S1 Detailed structural parameters of meta-atoms of the spin-unlocked achromatic beam deflector Ⅰ.
	No.
	θR (°)
	lR (mm)
	αR (°)
	θL (°)
	lL (mm)
	αL (°)
	θ (°)

	1
	175
	7
	-15
	256
	6.8
	0
	0

	2
	180
	6.7
	-15
	251
	6.6
	0
	-11.5

	3
	180
	6.4
	-10
	253
	6.4
	-5
	-29

	4
	180
	5.9
	-14
	246
	6.4
	0
	-40.5

	5
	191
	5.9
	-8
	242
	6
	0
	-51

	6
	192
	5.7
	-8
	236
	5.9
	0
	-64

	7
	195
	5.6
	0
	229
	5.8
	5
	-76.5

	8
	198
	5.6
	8
	223
	5.7
	10
	-89

	9
	199
	5.7
	16
	215
	5.6
	16
	-100

	10
	199
	5.8
	24
	205
	5.5
	20
	-112

	11
	199
	5.8
	30
	197
	5.5
	27
	-124

	12
	200
	5.6
	25
	186
	5.3
	25
	-136

	13
	201
	5.5
	25
	164
	5.1
	27
	-147.5

	14
	202
	5.4
	25
	125
	4.9
	27
	-159

	15
	198
	5.4
	25
	55
	5.1
	33
	-173



Table S2 Detailed structural parameters of meta-atoms of the spin-unlocked achromatic beam deflector Ⅱ.
	No.
	θR (°)
	lR (mm)
	αR (°)
	θL (°)
	lL (mm)
	αL (°)
	θ (°)

	1
	90
	5
	50
	90
	5
	50
	0

	2
	76
	5.3
	38
	60
	5.1
	23
	2

	3
	65
	5
	24
	124
	5.2
	15
	4

	4
	110
	5
	20
	148
	5.1
	4
	7

	5
	135
	5.2
	16
	182
	5.2
	-5
	9

	6
	145
	5.2
	5
	205
	5.6
	-5
	11

	7
	155
	5.7
	0
	220
	5.8
	-15
	13

	8
	120
	6.2
	-20
	232
	5.8
	-25
	16

	9
	133
	6.5
	-20
	248
	5.7
	-35
	18

	10
	137
	6.8
	-20
	261
	5.7
	-42
	21

	11
	185
	6.7
	-20
	270
	6.3
	-42
	24

	12
	165
	7
	-20
	288
	6.3
	-50
	25

	13
	160
	5
	60
	213
	5
	10
	-47.5

	14
	169
	5
	50
	223
	5.3
	10
	-46.5

	15
	181
	5.1
	40
	229
	5.5
	10
	-43.5

	16
	189
	5.1
	30
	237
	5.9
	10
	-41.5

	17
	195
	5.1
	20
	240
	6.3
	10
	-39.5



Section S9. Detailed design of chromatic beam deflector
We first design a meta-atom with high reflection amplitude under RCP and LCP waves within the frequency range of 8 GHz to 12 GHz, as illustrated in Fig. S11a. The reflection phase varies with θ, resulting in PB phase of ±2θ, as demonstrated in Fig. S11b and c. 
[image: A diagram of a graph
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Fig. S11 Meta-atom and EM responses. (a) Schematic of the meta-atom. p = 12 mm, a = 3 mm, b = 10 mm, h = 4 mm. (b, c) Reflection amplitude and phase under (b) RCP waves and (c) LCP waves.

Based on the general Snell’s law, four PB phase based chromatic beam deflectors are designed and simulated as a comparison, as shown in Fig. S12. The simulated results are presented in Fig. 4d in the main text.
[image: A blue and yellow stripes
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Fig. S12 Realization of chromatic beam deflectors. The distribution of meta-atoms along +x direction, where the deflection angles are set as (a) 8°, (c) 4° under RCP waves and (b) -16°, (d) 12° under LCP waves at 10 GHz, respectively.

Section S10. Large-angle spin-unlocked achromatic beam deflector
To realize large-angle spin-unlocked achromatic beam deflector, a larger group delay difference between two adjacent meta-atoms is required. This results in a smaller metasurface size and challenges in measurement due to the limited span of group delay differences.
Here, identical with the designs in the main text, two large-angle spin-unlocked achromatic beam deflectors are designed. The RCP and LCP elevation angles of Metasurface Ⅰ are set as 16° and -44° in the xoz plane, respectively, while those of Metasurface Ⅱ are set as 16° and 44° in the xoz plane, respectively. For comparison, four chromatic beam deflectors with the same size, with deflection angles set as 16°, -44°, 16° and 44° at 10 GHz, respectively, are also designed and simulated based solely on PB phase. Fig. S13a shows the sequences of meta-atoms for Metasurface Ⅰ, Metasurface Ⅱ and chromatic metasufaces along the x direction, while the sequences remain unchanged in the y direction. The simulated results shown in Fig. S13b indicate that the deflection angles remain constant as frequency increases, contrasting with the results for chromatic beam deflectors shown in Fig. S13c. Detailed structural parameters of meta-atoms are listed in Table S3 and S4.
[image: A close-up of a chart
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Fig. S13 Realization and performance of large-angle spin-unlocked achromatic beam deflectors. (a) Distribution of meta-atoms along the x direction. (b) Simulated results of large-angle spin-unlocked achromatic beam deflectors. (c) Simulated results of large-angle chromatic beam deflectors.

Table S3 Detailed structural parameters of meta-atoms of Metasurface Ⅰ
	No.
	θR (°)
	lR (mm)
	αR (°)
	θL (°)
	lL (mm)
	αL (°)
	θ (°)

	1
	205
	6.8
	-12
	251
	6.8
	0
	0

	2
	204
	6.1
	-5
	245
	6.4
	0
	-30

	3
	200
	6
	10
	236
	5.7
	0
	-60

	4
	202
	5.4
	10
	220
	5.3
	0
	-90

	5
	196
	5.4
	30
	190
	5.1
	10
	-120

	6
	180
	5.6
	50
	110
	5.3
	30
	-150

	7
	181
	5.1
	50
	41
	5.3
	50
	0



Table S4 Detailed structural parameters of meta-atoms of Metasurface Ⅱ
	No.
	θR (°)
	lR (mm)
	αR (°)
	θL (°)
	lL (mm)
	αL (°)
	θ (°)

	1
	90
	5
	50
	90
	5
	50
	0

	2
	100
	5
	0
	168
	5
	0
	10

	3
	133
	6.5
	-20
	221
	5.5
	-25
	16

	4
	210
	6.7
	-20
	270
	6.4
	-42
	21

	5
	190
	5.1
	20
	225
	5.2
	10
	-42

	6
	220
	5.8
	0
	235
	6.3
	10
	-35



Section S11. Structural parameters of meta-atoms of spin-unlocked achromatic meta-lens
[bookmark: _Hlk165669329]The structural parameters of meta-atoms are listed in Table S5. For sake of simplicity, only a quarter of the parameters are shown here, and the rest three-quarters of the parameters can be obtained by mirroring.
Table S5 Detailed structural parameters of meta-atoms of the spin-unlocked achromatic meta-lens
	θR
	θL
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	lR
	lL
	
	
	
	
	
	
	
	
	
	
	

	αR
	αL
	
	
	
	
	
	
	
	
	
	
	

	θ
	
	
	
	
	
	
	
	
	
	
	

	1
	——
	——
	——
	——
	——
	——
	——
	90
	133
	138
	165
	163
	176
	167
	178

	
	
	
	
	
	
	
	
	6
	5.9
	6.2
	6
	6.3
	6.1
	6.4
	6.2

	
	
	
	
	
	
	
	
	0
	0
	0
	0
	0
	0
	0
	0

	
	
	
	
	
	
	
	
	17
	17
	18
	18

	2
	——
	——
	——
	——
	——
	119
	152
	178
	186
	194
	200
	205
	210
	212
	217
	214
	218

	
	
	
	
	
	
	6.1
	6
	6.7
	6.5
	7.2
	7.5
	7.3
	7.5
	7.5
	7.8
	7.7
	8

	
	
	
	
	
	
	0
	0
	0
	0
	-7
	-7
	-15
	-15
	-15
	-15
	-15
	0

	
	
	
	
	
	
	17
	18
	16
	16
	16
	16

	3
	——
	——
	——
	——
	167
	178
	197
	202
	132
	141
	170
	168
	183
	183
	194
	192
	195
	193

	
	
	
	
	
	6.4
	6.2
	7.3
	7.6
	5
	5.1
	5
	5.1
	5
	4.9
	5
	4.9
	5.1
	5

	
	
	
	
	
	0
	0
	-7
	-7
	55
	43
	29
	29
	13
	13
	4
	3
	4
	5

	
	
	
	
	
	18
	16
	102
	103
	104
	104
	104

	4
	——
	——
	——
	175
	184
	205
	210
	170
	169
	194
	192
	203
	201
	214
	211
	212
	209
	210
	211

	
	
	
	
	6.6
	6.4
	7.3
	7.5
	4.9
	5
	5
	4.9
	5.3
	5.4
	5.7
	5.7
	5.8
	6
	5.9
	6.1

	
	
	
	
	0
	0
	-15
	-15
	30
	29
	4
	3
	-2
	0
	0
	0
	0
	0
	0
	0

	
	
	
	
	18
	16
	103
	104
	101
	101
	99
	99

	5
	——
	——
	167
	178
	205
	210
	171
	174
	196
	197
	212
	214
	221
	217
	231
	226
	237
	235
	238
	237

	
	
	
	6.4
	6.2
	7.3
	7.5
	5.1
	5.1
	5.1
	5.2
	5.9
	5.8
	5.8
	6.1
	6.2
	6.2
	6.3
	6.3
	6.4
	6.5

	
	
	
	0
	0
	-15
	-15
	29
	27
	0
	0
	0
	0
	-19
	-17
	-18
	-17
	-18
	-18
	-18
	-18

	
	
	
	18
	16
	103
	101
	100
	101
	101
	99
	98

	6
	——
	119
	152
	197
	202
	170
	169
	196
	197
	212
	209
	230
	226
	245
	240
	255
	248
	257
	257
	262
	259

	
	
	6.1
	6
	7.3
	7.6
	4.9
	5
	5.1
	5.2
	5.8
	6
	6.1
	6.2
	6.5
	6.5
	6.7
	6.8
	6.7
	6.9
	6.9
	6.9

	
	
	0
	0
	-7
	-7
	30
	29
	0
	0
	0
	0
	-19
	-17
	-18
	-18
	-25
	-21
	-22
	-24
	-22
	-22

	
	
	17
	16
	103
	101
	99
	101
	100
	99
	96
	97

	7
	——
	178
	186
	132
	141
	194
	192
	212
	214
	230
	226
	249
	246
	262
	259
	220
	219
	225
	219
	226
	219

	
	
	6.7
	6.5
	5
	5.1
	5
	4.9
	5.9
	5.8
	6.1
	6.2
	6.5
	6.4
	6.9
	6.9
	4.8
	4.8
	5
	5
	5.1
	5.1

	
	
	0
	0
	55
	43
	4
	3
	0
	0
	-19
	-17
	-18
	-18
	-22
	-22
	-4
	0
	0
	4
	0
	4

	
	
	18
	102
	104
	100
	101
	99
	97
	4
	5
	5

	8
	90
	133
	194
	200
	170
	168
	203
	201
	221
	217
	245
	240
	262
	259
	224
	220
	221
	219
	225
	223
	223
	227

	
	6
	5.9
	7.2
	7.5
	5
	5.1
	5.3
	5.4
	5.8
	6.1
	6.5
	6.5
	6.9
	6.9
	4.9
	4.9
	5.2
	5.3
	5.4
	5.5
	5.5
	5.5

	
	0
	0
	-7
	-7
	29
	29
	-2
	0
	-19
	-17
	-18
	-18
	-22
	-22
	0
	0
	0
	0
	0
	0
	0
	0

	
	17
	16
	103
	101
	101
	100
	97
	4
	1
	1
	3

	9
	138
	165
	205
	210
	183
	183
	214
	211
	231
	226
	255
	248
	220
	219
	221
	219
	229
	226
	233
	230
	236
	231

	
	6.2
	6
	7.3
	7.5
	5
	4.9
	5.7
	5.7
	6.2
	6.2
	6.7
	6.8
	4.8
	4.8
	5.2
	5.3
	5.6
	5.5
	5.8
	5.7
	5.9
	5.7

	
	0
	0
	-15
	-15
	13
	13
	0
	0
	-18
	-17
	-25
	-21
	4
	0
	0
	0
	0
	0
	0
	0
	0
	0

	
	17
	16
	104
	101
	101
	99
	4
	1
	3
	3
	4

	10
	163
	176
	212
	217
	194
	192
	212
	209
	237
	235
	257
	257
	225
	219
	225
	223
	233
	230
	240
	228
	241
	237

	
	6.3
	6.1
	7.5
	7.8
	5
	4.9
	5.8
	6
	6.3
	6.3
	6.7
	6.9
	5
	5
	5.4
	5.5
	5.8
	5.7
	6
	6
	6
	5.9

	
	0
	0
	-15
	-15
	4
	3
	0
	0
	-18
	-18
	-22
	-24
	0
	4
	0
	0
	0
	0
	0
	8
	0
	0

	
	18
	16
	104
	99
	99
	96
	5
	1
	3
	5
	2

	11
	167
	178
	214
	218
	195
	193
	210
	211
	238
	237
	262
	259
	226
	219
	223
	227
	236
	231
	241
	237
	241
	238

	
	6.4
	6.2
	7.7
	8
	5.1
	5
	5.9
	6.1
	6.4
	6.5
	6.9
	6.9
	5.1
	5.1
	5.5
	5.5
	5.9
	5.7
	6
	5.9
	6
	6.1

	
	0
	0
	-15
	0
	4
	5
	0
	0
	-18
	-18
	-22
	-22
	0
	4
	0
	0
	0
	0
	0
	0
	0
	0

	
	18
	16
	104
	99
	98
	97
	5
	3
	4
	2
	0



Section S12. Detailed design of chromatic meta-lens
Similar to the design process of chromatic beam deflectors in Section S9, the same type of meta-atoms is used to construct chromatic meta-lens, as shown in Fig. S14.
[image: A diagram of a circular object
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Fig. S14 Realization of chromatic meta-lenses. (a) RCP chromatic meta-lens. (b) LCP chromatic meta-lens.



Section S13. Another design example of the spin-unlocked achromatic meta-lens
In this section, we provide another design example and  analyze the capability of the proposed design methodology in achieving independent dispersion control with substantial group delay differences for RCP and LCP channels.
While the theoretical framework supports arbitrary spin-multiplexed dispersion control as long as the phase and group delay satisfy Eq. (5) in the main text, in practice, the range of realizable group delays is constrained by the physical properties of the meta-atoms. When the focal lengths of the two spin channels are widely separated, the required phase and group delay responses diverge significantly, posing challenges for the meta-atom design, particularly in single-layer configurations. Although such designs offer advantages in terms of fabrication simplicity and integration, their relatively limited degrees of freedom inherently restrict the achievable tuning range of group delay for both spin states. Moreover, the substantial difference in focal spots across the two spin channels can introduce pronounced variations between the meta-atoms’ simulated behavior under periodic boundary conditions and their actual performance in a finite-size array, especially in spin channels requiring larger group delay differences. These mismatches may ultimately lead to deviations between the theoretical and realized focal lengths.
[bookmark: _Hlk204247827][bookmark: _Hlk204210174]To explore this limitation, we design another case of a spin-unlocked achromatic metalens with RCP and LCP focal lengths set as 100 mm and 200 mm, respectively. The layout of the nine meta-atoms distributed along +x direction of the diameter of the spin-unlocked achromatic meta-lens is depicted in Fig. S15a. This meta-lens has a radius of 108 mm and contains 225 meta-atoms in all, with focal length set as 100 mm and 200 mm under RCP and LCP illumination, respectively. The RCP and LCP reflected amplitude and phase of the nine meta-atoms are presented in Fig. S15b and c, respectively, showing high reflection amplitude across the entire band. Fig. S16a and b present the simulated normalized RCP and LCP electric field intensity of the spin-unlocked achromatic meta-lens, respectively. The achromatic property is evident, where the RCP and LCP focal spots remain stable at approximately 95 mm and 180 mm across the entire frequency band from 8 GHz to 12 GHz, respectively.
[image: ]
Fig. S15 Design and Results of the spin-unlocked achromatic meta-lens with widely separated focal lengths. (a) Layout of the meta-atoms along +x direction of the diameter. (b) The reflection amplitude and phase of meta-atoms along +x direction of the diameter within 8 GHz to 12 GHz under RCP wave (c) The reflection amplitude and phase of meta-atoms along +x direction of the diameter within 8 GHz to 12 GHz under LCP wave.

[image: A diagram of a light source
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[bookmark: _Hlk204247799]Fig. S16 Simulated results of the spin-unlocked achromatic meta-lens. (a) Simulated normalized RCP field intensity in the xoz and xoy plane of spin-unlocked achromatic meta-lens. (b) Simulated normalized LCP field intensity in the xoz and xoy plane of spin-unlocked achromatic meta-lens. The white dashed lines show the tendency of the focal shift. 


Section S14. Terahertz spin-unlocked achromatic meta-lens
As mentioned in the main text, our design methodology is general and can be easily extended to terahertz or optical regimes. Here, we demostrate a terahertz spin-unlocked achromatic meta-lens in terahertz regime.
Fig. S17a illustrates the schematic of the meta-atom operating in terahertz regime. The structure and working mechanism are consistent with those of the meta-atom working in microwave regime metioned in the main text. The meta-atom features a gold layer for the metallic structure and another gold layer as the metallic ground, each with a thickness of 0.18 μm. These layers are separated by a 35-μm-thick polyimide layer (εr = 3.5, tanδ = 0.0027). The period of the meta-atom is p = 120 μm. Other structural parameters are defined as described in the main text.
After optimization, a terahertz spin-unlocked achromatic meta-lens depicted in Fig. S17b is designed. This meta-lens has a radius of 1920 μm and contains 177 meta-atoms in all, with focal length set as 0.8 mm and 1.2 mm under RCP and LCP illumination, respectively. The RCP and LCP reflected amplitude and phase of the eight meta-atoms distributed along +x direction of the diameter are shown in Fig. S17c. The targeted and realized phase profiles of the meta-atoms along +x direction of the diameter are also shown in Fig. S18a, where the realized phase responses align closely with the theoretical goals. Figure S18b presents the simulated results of the normalized RCP and LCP electric field intensity. The achromatic properties are evident, where the RCP and LCP focal spots remain stable at approximately 800 μm and 1200 μm across the entire frequency band from 0.8 THz to 1.2 THz, respectively. For comparison, two chromatic meta-lenses with the same size using solely PB phase are shown in Fig. S19a and b. These chromatic meta-lenses exhibit strong frequency dependence, with RCP and LCP focal spots varying from 530 μm and 765 μm to 990 μm and 1330 μm, respectively. The meta-atom employed for the design of chromatic meta-lenses has high reflection amplitude across the frequency band from 0.8 THz to 1.2 THz, as shown in Fig. S19c. This structure is the same as the one mentioned in Section S9, with difference only in the structural parameters, which are p = 120 μm, h = 30 μm, a = 45 μm, b = 100 μm. 
Overall, the above analyses and simulated results demonstrate the successful development of a general design method for spin-unlocked achromatic metasurfaces by combining AA phase and PB phase. This method is applicable to both microwave and terahertz regimes, showcasing its versatility and effectiveness.
[image: A diagram of a diagram of a diagram
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Fig. S17 Realization of terahertz spin-unlocked achromatic meta-lens. (a) Schematic view of the meta-atom working in terahertz regime. (b) Schematic view of terahertz spin-unlocked achromatic meta-lens. (c) The reflection amplitude and phase of meta-atoms within 0.8 THz to 1.2 THz under RCP wave (left) and LCP wave (right).

[image: A collage of graphs and diagrams
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Fig. S18 Simulated results of terahertz spin-unlocked achromatic meta-lens. (a) Targeted and realized phase profile. (b) Simulated normalized RCP and LCP field intensity in the xoz and xoy plane of terahertz spin-unlocked achromatic meta-lens and chromatic meta-lens, where the white dashed lines show the tendency of the focal shift.

[image: A diagram of a circular object
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Fig. S19 Realization of terahertz chromatic meta-lenses. (a) RCP chromatic meta-lens. (b) LCP chromatic meta-lens. (c) Schematic of the meta-atom. p = 120 μm, h = 30 μm, a = 45 μm, b = 100 μm.

[bookmark: _Hlk204183954]Section S15. Transmissive meta-atom and spin-unlocked achromatic metasurface
To demonstrate the broader applicability of our hybrid-phase methodology beyond reflective configurations, we further extended our approach to transmissive metasurfaces. While reflective designs offer advantages such as simpler single-layer implementation and higher efficiency, transmissive metasurfaces are often more favorable for practical applications, especially those requiring integration into compact optical systems, despite their greater design challenges. 
It is well known that transmissive metasurfaces typically require multi-layer meta-atom structures to overcome the intrinsic 25% efficiency limit of single-layer designs under CP illumination [5]. Such multilayer stacking increases fabrication complexity, introduces interlayer alignment errors, and complicates dispersion control due to coupled multi-resonant modes between layers. These limitations make the simultaneous manipulation of phase and group delay particularly difficult in transmission-mode devices.
In this section, we design and simulate a single-layer transmissive meta-atom based on the same twin-umbrella structure used in the reflective case, leveraging both AA and PB phase to enable spin-unlocked achromatism. Figure S20a shows the schematic of the transmissive meta-atom, where the metallic ground plane is removed and the F4B substrate thickness is adjusted. The unit cell has a period of p = 12 mm and a thickness of h = 2 mm. Other structural parameters are identical to those defined in the main text.
We first validate the role of AA phase in enabling independent dispersion control in transmission. The surface currents under RCP and LCP incidence are shown in Fig. S20b. As expected, the surface current concentrates on the right and left parts of the structure under RCP and LCP waves, respectively, confirming the spin-independent control of EM responses. 
[image: ]
Fig. S20 Design of the transmissive meta-atom. (a) Schematic of the transmissive meta-atom. (b) Surface currents under RCP and LCP incidence.

Figure S21 further illustrates how adjusting the key structural parameters modulates group delay and phase independently for each spin channel. Figures S21a, d, and g show the schematic structural parameters. As shown in Fig. S21b and c, varying θR enables the modulation of the group delay for the |RCP⟩→|LCP⟩ channel while maintaining a stable group delay for the |LCP⟩→|RCP⟩ channel across 9-13 GHz. Similarly, tuning lR (Fig. S21e and f) and αR (Fig. S21h and i) expands the phase variation for the |RCP⟩→|LCP⟩ channel while keeping the phase nearly unchanged for the |LCP⟩→|RCP⟩ channel. The manipulations of |LCP⟩→|RCP⟩ channel responses are identical with those of the |RCP⟩→|LCP⟩ channel responses, which are achieved by changing the corresponding structural parameters (θL, αL and lL). These results demonstrate broadband and spin-independent phase and dispersion control.
[image: A diagram of a mathematical equation

AI-generated content may be incorrect.]
Fig. S21 EM responses of the transmissive meta-atom under CP illumination. (a, d, g) Schematics of the structural parameters: (a) θR, θL, (d) lR, lL and (g) αR, αL. The left column (a, c, e) presents the LCP responses under RCP incidence (|RCP⟩→|LCP⟩ channel), while the right column (b, d, f) shows the RCP responses under LCP incidence (|LCP⟩→|RCP⟩ channel). The other structural parameters are kept constant as follows: (b, c) θL = 200°, αR = 0°, αL = 0°, lR = 6 mm, lL = 6 mm. (e, f) θR = 200°, θL = 200°, αR = 0°, αL = 0°, lL = 6 mm. (h, i) θL = 200°, αL = 0°, lR = 6 mm, lL = 6 mm, with θR = 200° + αR to maintain a constant group delay.

To verify the metasurface-level functionality of the transmissive meta-atom, we design a transmissive spin-unlocked achromatic beam deflector. The layout of meta-atoms along the +x direction is presented in Fig. S22a. The meta-atom sequences remain unchanged in the y direction while forms a gradient in the +x direction. Under RCP illumination, the transmissive LCP beam is deflected to 8° (as shown in Fig. S22b), while under LCP illumination, the transmissive RCP beam can be deflected to -20° (as shown in Fig. S22d), both maintaining angle-stable, dispersionless operation across 10-12 GHz. Figure S22c and e show the corresponding transmission phase and amplitude responses for the |RCP⟩→|LCP⟩ and |LCP⟩→|RCP⟩ channels. The phase response of each meta-atom satisfies the requirements of both independent beam control and achromatic aberration.
[image: A diagram of a phase diagram
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Fig. S22 Design of the transmissive spin-unlocked achromatic beam deflector. (a) Layout of meta-atoms along the +x direction. (b) Schematic diagram of the functionality under RCP incidence. (c) LCP reflection amplitude and phase of meta-atoms under RCP incidence (|RCP⟩→|LCP⟩ channel). (d) Schematic diagram of the functionality under LCP incidence (|LCP⟩→|RCP⟩ channel). (e) RCP reflection amplitude and phase of meta-atoms under LCP incidence.

We then simulated the full structure consisting of 6 × 8 meta-atoms, with an overall size of 72 × 96 mm2. The deflection angles presented in Fig. S23 are in well agreement with the theoretical values, maintaining stable at 8° for the |RCP⟩→|LCP⟩ channel (Fig. S23a) and -20° for the |LCP⟩→|RCP⟩ channel (Fig. S23b) across 10-12 GHz. This confirms the achromatic deflection performance, highlighting the superiority of our hybrid-phase dispersion-engineered methodology.
[image: ]
Fig. S23 Simulated results of the transmissive spin-unlocked achromatic beam deflector. (a) Normalized transmission field intensity of the achromatic beam deflector for the |RCP⟩→|LCP⟩ channel. (b) Normalized transmission field intensity of the achromatic beam deflector for the |LCP⟩→|RCP⟩ channel.

Overall, this section confirms that our hybrid-phase dispersion-engineering method is applicable to transmissive metasurfaces, enabling spin-unlocked and achromatic functionality. Despite the efficiency limitations of single-layer designs, the results highlight strong potential for compact, broadband transmissive devices suitable for imaging, sensing, holography, and augmented/virtual reality applications.

[bookmark: _Hlk203511024]Section S16. Extension to arbitrary polarization states
[bookmark: _Hlk203516848]In the LP basis, any pair of orthogonal polarization states can be represented as

		


where δ and χ represent the azimuth angle and ellipticity of the polarization ellipse, respectively. The polarization states  and  with reversed handedness are given by

		


In this section, we utilize the Jones matrix formalism to analyze the relationship between reflection coefficients in the elliptical polarization (EP) and CP bases. The EM response of a single meta-atom described by a 2 × 2 Jones matrix JLP and JCP are presented in Eq. (S14). We first analyze the system in the EP basis defined by  and . JEP can be related to JLP and JCP with the following transformation:

		



where  and  are the unitary transformation matrices from the LP basis to the CP basis and the LP basis to EP basis, respectively. Then the transformation matrix  from the CP basis to the EP basis can be expressed as

		
Substituting into Eq. (S22), we obtain the full expression for JEP:

		

Note that the reflected wave propagates in the +z direction, while the incident wave is defined along −z. This leads to a reversal in the sign of the spin state upon reflection, which is accordingly incorporated in Jα. In most cases, we are interested in the off-diagonal elements :

		

Following the same procedure, the reflection coefficient  can also be derived:

		
The case of LP states is first analyzed, with δ = π, χ = 0, which yields the standard x- and y-polarized bases. Under this condition, Eq. (S25) and Eq. (S26) can be further simplified as

		

		
Figure S24 presents the amplitude and phase responses of the meta-atom under LP illumination. Figures S24a, d, and g show the schematic structural parameters. As shown in Figs. S24b and c, varying θR​ enables group delay modulation for both x- and y-polarized channels. lR primarily affects the y-polarized phase (Fig. S24e and f), while αR mainly modulates the x-polarized phase (Fig. S24h and i), with minimal crosstalk. Due to the symmetry of the LP polarization state, the influences of tuning θL, lL and αL are the same as those of tuning θR, lR and αR. These results confirm that the meta-atom supports broadband and decoupled phase and group delay control for LP inputs. However, due to the structural asymmetry, part of the energy is inevitably converted into the cross-polarized channel, leading to reduced efficiency in the co-polarized response. Moreover, while group delay modulation in the two orthogonal LP channels can be influenced by θR and θL, complete and arbitrary independent control over group delay remains challenging and may involve some trade-offs in tuning precision.
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Fig. S24 EM responses of the meta-atom under LP illumination. (a, d, g) Schematics of the structural parameters: (a) θR, θL, (d) lR, lL and (g) αR, αL. (b, e, h) x-polarized responses under x-polarized illumination with the variation of (b) θR from 160° to 240°, (e) lR from 3 mm to 7 mm and (e) αR from 0° to 45°. (c, f, i) y-polarized responses under y-polarized illumination with the variation of (b) θR from 160° to 240°, (e) lR from 3 mm to 7 mm and (e) αR from 0° to 45°. The other structural parameters are kept constant as follows: (b, c) θL = 160°, αR = 0°, αL = 0°, lR = 6 mm, lL = 6 mm. (e, f) θR = 180°, θL = 180°, αR = 0°, αL = 0°, lL = 6 mm. (h, i) θL = 160°, αL = 0°, lR = 6 mm, lL = 6 mm, θR = 160° + αR.

[bookmark: _Hlk203511004]Next, we consider a more general case of EP, with δ = -π/3, χ = π/6 as an example. Figure S25 shows the amplitude and phase responses of the meta-atom under EP illumination. Figure S25a, f and k present the schematics of the structural parameters. Tuning θR (Fig. S25b and c), lR (Fig. S25g and h) and αR (Fig. S25e and f) enables modulation of the group delay and phase in the |α+⟩→|α+⟩ channel, while maintaining negligible change in the orthogonal |β+⟩→|β+⟩ channel. Due to the asymmetry of both the polarization state and the meta-atom structure, we also investigate the influence of tuning θL, lL and αL. As shown in Fig. S25d, e, i, j, n, and o, these parameters allow for independent modulation of group delay and phase in the |β+⟩→|β+⟩ channel, with minimal effect on the |α+⟩→|α+⟩ channel. These results demonstrate that the meta-atom enables broadband and polarization-unlocked control of phase and group delay for arbitrary input polarization states.
[image: ]
Fig. S25 EM responses of the meta-atom under EP illumination. (a, f, k) Schematics of the structural parameter: (a) θR, θL, (f) lR, lL and (k) αR, αL. (b, g, l) |α+⟩→|α+⟩  channel responses with the variation of (b) θR from 160° to 240°, (e) lR from 3 mm to 7 mm and (e) αR from 0° to 45°. (c, h, m) |β+⟩→|β+⟩ channel responses with the variation of (c) θR from 160° to 240°, (h) lR from 3 mm to 7 mm and (m) αR from 0° to 45°. (d, i, n) |α+⟩→|α+⟩  channel responses with the variation of (d) θL from 160° to 240°, (i) lL from 3 mm to 7 mm and (n) αL from 0° to 45°. (e, j, o) |β+⟩→|β+⟩ channel responses with the variation of (e) θL from 160° to 240°, (j) lL from 3 mm to 7 mm and (o) αL from 0° to 45°. The other structural parameters are kept constant as follows: (b, c) θL = 160°, αR = 0°, αL = 0°, lR = 6 mm, lL = 6 mm. (d, e) θR = 160°, αR = 0°, αL = 0°, lR = 6 mm, lL = 6 mm. (g, h) θR = 180°, θL = 180°, αR = 0°, αL = 0°, lL = 6 mm. (i, j) θR = 180°, θL = 180°, αR = 0°, αL = 0°, lR = 6 mm. (l, m) θL = 160°, αL = 0°, lR = 6 mm, lL = 6 mm, θR = 160° + αR. (n, o) θR = 160°, αR = 0°, lR = 6 mm, lL = 6 mm, θL = 160° + αL.

[bookmark: _Hlk203510991]In conclusion, this section confirms the capability of the meta-atom to support dispersion engineering under arbitrary polarization bases. Taking LP and EP as representative cases, we show that broadband and independent phase and group delay modulation is achievable for orthogonal polarization channels. This feature makes the meta-atom a promising potential candidate for arbitrary-polarization-unlocked achromatic metasurfaces.

Section S17. Comparison of our work with other recent works
Table S6 Comparison of our work with other recent works
	Reference
	Bandwidth
	Polarization
	Polarization independence
	Meta-devices
	Average efficiency

	4
	0.5-0.8 THz (46.2%)
	LP
	No
	Broadband cloak
	——

	7
	470-670 nm (35%)
	Single CP
	No
	Achromatic meta-lens
	≈ 20%

	11
	460-700 nm (41.4%)
	RCP and LCP
	No
	Achromatic meta-lens
	≈ 30%

	14
	8-10 GHz (22.2%)
	RCP
	No
	Broadband retroreflector
	≈ 86%

	15
	8-12 GHz (40%)
	RCP (co-polarized channel)
	No
	Hybrid dispersive meta-lens
	≈ 50%

	16
	400-660 nm (49%)
	Single CP
	No
	Achromatic meta-lens
	≈ 40%

	This work
	8-12 GHz (40%)
	RCP and LCP
	Yes
	Achromatic beam deflector
	≈ 85% (RCP)
≈ 80% (LCP)

	
	
	
	
	Achromatic meta-lens
	≈ 45% (RCP)
≈ 55% (LCP)



[image: ]
Fig. S26 Illustration of comparison of our achromatic metasurface with other recent works within the spin-spectral-spatial framework.

Section S18. Experimental setup for spin-unlocked achromatic beam deflectors and meta-lens
[image: A collage of images of a person in a room

AI-generated content may be incorrect.]
Fig. S27 Experiment setup for the measurement. (a) Beam deflectors. (b) Meta-lens.
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