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SI 1. Experimental section

Synthesis and crystallization

The samples were synthesized and crystallized as described in our previous work.!'”?

EPR measurements

Continuous-wave (CW) and pulsed EPR experiments were performed on a Bruker
ElexSys E580 spectrometer, operating at the X-band (w = 9.36 GHz and w =
9.70 GHz) equipped with a goniometer for rotation and angle determination. A low-
temperature environment was achieved by using an Oxford Instruments ESR900 and
CF935 liquid helium cryostat.

A qualified crystal sample was attached to a sample holder in a quartz tube (Figure
1d). The rotation axis is parallel to the microwave B; field in the MDS5 cavity. The
signal of the pulsed-EPR experiments was obtained by a standard Hahn echo sequence,
n/2 — 1 —m — 1t —echo. The echo-detected field swept (EDFS) EPR spectra were
measured under variation of the static B, magnetic field. The T; values were
measured by a standard inversion recovery sequence with 4-step phase cycling, m —
t—mn/2—1t—m—1— echo. The Ty values were determined by increasing the 1
value of the standard Hahn echo sequence with 4-step phase cycling. The Rabi
oscillation was measured by a nutation experiment using t, —t, — /2 —T—7 —
T —echo (where t,, is the length of the nutation pulse, ¢, > 5Ty) as the detection
sequence with 4-step phase cycling, and the Rabi frequency was determined via fast
Fourier transform (FFT). The E-field effect experiments were measured by inserting
an increased E-field pulse tg betweenthe m/2 and m pulses inastandard Hahn echo

sequence, m/2 — T — m — T —echo.

Spectrum simulation

The EPR spectra were all simulated with the “EasySpin” toolbox based on MATLAB
(http://www.easyspin.org/).>



SI 2. Conventional EPR study on dmaMn powder
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Figure S1. CW-EPR spectrum (blue) and its simulation (red) for the powder sample of

dmaMn measured at (a) room temperature and (b) 10 K. The parameters are noted in

Table S1.
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Figure S2. (a) EDFS spectrum measured at 10 K for the crystal sample of dmaMn and
its simulation. (b) 7m and (c) 71 curves measured at 3217 G and their fittings (10 K).

The data are noted in Table S1.



Table S1. Parameters of CW-EPR simulation the best fits for the powder sample of

dmaMn at room temperature and 10 K, and spin relaxation times at 10 K with Bo field

at 3217 G.
Room temperature 10K
Yiso 1.999 Giso 2.002
Aiso / MHz 262 Aiso / MHzZ 262
|D| / MHz 168 |D| / MHz 420
E / MHz 36 E / MHz 60

Relaxation times (3217 G, 10 K)

Ty / ns 785.7
T, / us 161.7




SI 3. Conventional EPR study on aMn powder
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Figure S3. CW-EPR spectrum (blue) and its simulation (red) for the powder sample of
aMn measured at (a) room temperature and (b) 10 K. The parameters are noted in Table
S2.
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Figure S4. (a) EDFS spectrum measured at 10 K for the crystal sample of aMn. (b) 7m
and (c) 71 curves measured at 3240 G and their fittings (10 K). (d) Rabi oscillations

measured at 3240 G (10 K) and its FFT result in the insert image. The data are noted in

Table S2.



Table S2. Parameters of CW-EPR simulation the best fits for the powder sample of aMn
at room temperature and 10 K, and spin relaxation times at 10 K with Bo field at 3240

G.

Room temperature 10K
Giso 1.999 Jiso 2.002
Aiso / MHz 263 Aiso / MHzZ 263
|D| / MHz 27 |D| / MHz 200
E / MHz 6 E / MHz 10
BY / MHz 0.06 0:5/° 55.5
B} / MHz 1.4 Relaxation times (3240 G, 10 K)
B; / MHz 2.4 Ty / ns 1155
0:5/° 0 T, / us 301.7
Rabi Frequencies (3240 G, 10 K)
f / MHz 13.67*, 24.41

* FFT shows the Larmor precession frequency w = BL = 13;27724:2 = 42.19 MHz/T,
0 .

which matches the gyromagnetic ratio of '"H y = 42.5775 MHz/T.



SI 4. Spin anisotropy of aMn crystal

B,
directions

Figure S5. (a) Schematic diagram of the single crystal sample of aMn. (b) Single crystal

sample of aMn under the microscope. (c) Relationships between 65, BT)’,E’Oa ﬁ?,ﬁo’

and B,z
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Figure S6. Single crystal structure of aMn, each Mn?" is surrounded by six oxygen. The

angle ;5 is 55.5°.

Table S3. Euler angles of the i-th Mn** in aMn at 10 K.

i-th Mn** ion Euler angles
Mnl [0°,55.5°, 0°]
Mn2 [60°,55.5°,0°]
Mn3 [120°,55.5°, 0°]
Mn4 [180°,55.5°,0°]
Mn5 [240°,55.5°, 0°]
Mn6 [300°,55.5°,0°]
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Figure S7. (a) Angular-resolved CW-EPR spectra measured at room temperature from

Ba’,ﬁo = 0°to 180° and (b) its simulation. (c) Angular-resolved CW-EPR spectra

measured at room temperature from B?,Eo = 0°to 180° and (d) its simulation. The

parameters were the same with the simulation of the powder sample in Table S2.
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Figure S8. (a) Angular-resolved CW-EPR spectra measured at 10 K from f

aBy
0°to 180° and (b) its simulation. (¢) Angular-resolved CW-EPR spectra measured at

10 K from B?ﬁo = 0°to 180° and (d) its simulation. The parameters were same with

the simulation of powder sample in Table S2.
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SI 5. Electric-Spin Coupling Hamiltonian

Considering that the local symmetry of Mn?" is Ci in the crystal sample of aMn, the
Hamiltonian of the E£-field can be expresses as

a2 0D\,
H.=8Tl-— S
o0&
Considering the ferroelectricity of the crystal, only the E-field component along the

ferroelectricity principal axis (c-axis) affects the parameters. Hence, the effective &-

field strength can be expressed as
Eeff = ECOS P2

where f;; represents the angle between the c-axis and the applied &-field.

Considering the spin Hamiltonian parameters acquired from the simulation of the CW-

EPR spectra, the value of the effective ZFS (Dq¢r) can be expressed as

3 cos? f55, — 1
2

Degr = |D|

where 5 B, is the angle between the magnetic principal axis D, and magnetic field
B,.

Combining the above two effective values, the Hamiltonian of the E-field can be

expressed as
(2 0D\,
HE=ST<8__>>S
o€

= §(Defr)S2

3cos? Pz — 1 \
20

/a ( 2 |D|> &2
= ECOSﬁagk ageff ) z

3cos?fzz — 1 d|D|\ 4
= D,By 'C05ﬁ5,§'£'< | |>SZZ

N
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SI 6. Fitting of SEC manipulation efficiency in crystal

Based on the preceding analysis (Eq 3), we use damped exponentially sine functions to
fit the SEC manipulation efficiency of aMn crystal

t
i, =*sin2r-v-t)-e T

where [, represents the normalized intensity of spin echoes in imaginary parts, t
represents the E-field time, and T represents the exponential decay factor due to the
inhomogeneity of the E-field. The fitting parameters are noted in Table S4, and the
Fitting results were shown in Figure 4c¢ in the main text.

Table S4. Parameters of phase evolution fitting in the xy plane for the marked transitions
in Figures 4c and 4d.

Transitions Fitting Formula Parameters

t

lim = SIN(270 * Vj45/2)00143/2) " t) "€ T Vies/2)elzs/2)/E

|[+5/2) & |+3/2)

= 0.68 Hzm/V

t
|+3/2) & |+1/2) I =sin(2m-v o ‘t)-eT
im ( +3/2)01+1/2) " t) Viss myesro)/€

t

1+1/2) & |-1/2) Iim = Sin(27 V11 jayrio1/2y - £) - €T = 0.34 Hzm/V
¢ Vis1/2y0l-1/2)/€
|—1/2) & |-3/2) L = — sin(Zn "V|=1/2)|-3/2) t) ‘e T
= 0Hzm/V
t
|-3/2) & |-5/2) Iim = —sin(2m - v|_3 2y |-5/2y " ) "€ T T =3.57 ps
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Figure S9. Imaginary parts of echoes of five transitions noted in Table S4 and their

fittings with damped exponential sine functions.
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Figure S10. (a) Imaginary parts of echoes at 3212 G of incremental E-field noted in
Table S5 and (b) their fitting results with damped exponential functions. (c¢) Linear

fitting of phase revolution rate versus incremental E-field.

Table S5. Parameters of phase evolution fitting in the xy plane for incremental E-field
in Figures S10.

E-field strength Fitting Formula Parameters
L
ov liy, = sin(2m-vy, - t)-e T
Voy = 0 Hz*m
t
100 V Ilm = Sln(ZTL’ " VlOOV " t) - e_T leOV = 31.8 HZ m
t Vooov = 55.2 HZz-m
200V L = sin(2m - vygpy - t) €T 200V
Vioov = 103 HZ - m
t
300V Iim = sin(27 - vooy - £) - €T Vyooy = 153 Hz-m
t — .
400V Iim — Sin(ZT[ “Vaoov * t) e T Vsoov = 188 Hz- m
. T =17.2 ps
500V I = sin(2m - vggoy - t) €T

17
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Figure S11. (a, b) The disappearance of spin echo evolution with E-field on a single
crystal sample of aMn at 10 K, when the c-axis is (a) parallel and (b) perpendicular to

the magnetic field and E-field.
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SI 7. Fitting of SEC manipulation efficiency in powder

For powder samples, it is also necessary to consider the different magnetic and &- fields
felt by the disordered molecular orientation. Considering the relationship between the
spin phase evolution (4¢) and the Hamiltonian of the E-field effect,

Ap =2m-v-t

_ 3cos?Bzz —1 a DI\ .
He = 2 0 cos Bz g€ (6 geff)SZZ

For a single Mn?" ion with a specific orientation, its normalized spin echo intensity can
be expressed as
Isingle = cos(4¢) = COS(ZTT " Vpowder * t)

3cos?Bzz — 1 a|D|\ .
cos <27r . ( > 0 cos f3; z€ (6 Seff> SZZ> . t>

3(sina; cosa,sin55.5° + cosa; c0s55.5%)? — 1 d |D|\ 4
= cos| 2m - cosa; € SZ)-t

where a; and «, are the polar angle and azimuthal angle of the external fields

- a D
respect to the molecular frame in Figure S5. ( agl |
eff

) is the manipulation efficiency to

be fi in the powder samples.

Integrating the random distribution of the sample in a sphere space with the spin echo
intensity of the ensemble can be obtained by

t
Iensemble =€ T jj Isingle d a,a;

t
where e T represents the exponential decay term due to the inhomogeneity of the &-

field.

Table S6. Parameters of phase evolution fitting in Figure 1f.

Powder Samples Parameters

Vdmamn/€ = 0.10 Hz - m/V
dmaMn

Tamamn = 1.5 ps
Vamn/€ = 0.34 Hz - m/V

aMn

TaMn = 065 uS

19
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Figure S12. (a) Integral spin echo intensities of dmaMn in Figure le and their fitting
results (dotted lines) noted in Table S5. (b) Integral spin echo intensities of aMn in
Figure le and their fitting results (dotted lines) noted in Table S5.
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