Supplementary Information for
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Flexoelectricity and surface ferroelectricity in natural ice
Authors: X. Wen1,3, Q. Ma1, S. Shen1*, G. Catalan2,3*
Affiliations:
[bookmark: OLE_LINK42]1State Key Laboratory for Strength and Vibration of Mechanical Structures, School of Aerospace Engineering, Xi’an Jiaotong University, Xi’an, China.
2ICREA—Institucio Catalana de Recerca i Estudis Avançats, Passeig Lluís Companys 23, Barcelona, Catalonia
3Institut Catala de Nanociencia i Nanotecnologia (ICN2), CSIC and The Barcelona Institute of Nanoscience and Technology (BIST), Campus Universitat Autónoma de Barcelona, Bellaterra, Catalonia. 

*Corresponding author. Email: sshen@mail.xjtu.edu.cn; gustau.catalan@icn2.cat
[bookmark: Tables][bookmark: MaterialsMethods]
S1. Calculation of flexoelectric field
Flexoelectric polarization is defined as1,2

                           (S1)











where  is the fourth-rank tensor of flexoelectric coefficients,  is the electric polarization,  is the strain tensor, and  is the position coordinate. We consider three components of  (longitudinal , transversal , and shear ) in our calculations, which can be rewritten in the Voigt notation as , , and , respectively. The polarization field in Cartesian coordinates can be written as3,4

            (S2)




Since it is not possible to measure separately each of the tensor components, we set , , and  equal to the measured  and obtain the flexoelectric polarization from equation (S2) using the calculated strain gradients (see the next section). 

In polarizing the material, flexoelectricity acts as an effective electric field5. The flexoelectric field in isotropic solids (relative permittivity  is a constant) is given by1,2



,  ，           (S3)
S2. Calculation of the flexoelectricity around a crack apex.


For isotropic solids (such as polycrystalline ice), the elastic constants can be represented by two independent parameters6, i.e. Young’s modulus  and Poisson’s ration . Under plane strain conditions, the linear elastic stress fields near a model I crack in Polar coordinates can be analytically expressed as7

                   (S4)

where  is the stress intensity factor, which can be generally expressed as7

                           (S5)







where  is the applied stress,  is the length of the crack,  is the geometry factor of the specimen.  is directly proportional to the applied stress . When  increases to the critical value  (fracture toughness), the model I crack starts to propagate. The plane strain is related to stress by the isotropic Hooke’s law6

                     (S6)


We substitute equation (S4) into equation (S6) for calculations in Mathematica. Let  equal to  (see Table S1), we have computed analytically the distributions of strain and the strain gradients near a propagating crack apex. Substituting the calculated strain gradients into equation (S2) and (S3), we have computed the crack-tip flexoelectric field analytically, as shown in the 2D maps in Fig. 4a and Fig. S4. As expected, all fields show the largest magnitude at the crack tip and decay progressively away.

For an edge crack with the specimen geometry depicted in Fig. 4b in the manuscript,  is given by8

    (S7)









where  is the specimen width. Substituting the parameters (,,, see Table S1) used in the literature9 into equation (S7), we have calculated  to be 92.4 kPa m1/2, smaller than the fracture toughness  (108.5 kPa m1/2). This is reasonable because the experiment in the literature9 was on a stable crack, rather than a propagating crack. Using the calculated , we again calculate the flexoelectric field near the crack tip. As shown in Fig. 4a, the bottom of the specimen was grounded, namely, . Therefore, the electric potential in the specimen can be calculated from the vertical component of flexoelectric field  by 

                     (S8)



The experiment by Petrenko9 was performed at 263 K, our measured flexoelectric coefficient at this temperature is estimated to be 31 nC/m (Fig. 2a and Fig. 3b). Let  and , the surface potential  is calculated to be 0.81±0.27 mV, consistent with the reported value ~ 0.8 mV9.
S3. Calculation of flexoelectricity in the contact region of ice collisions.

The classical Hertzian theory of contact mechanics10 has been widely used to estimate the strain distributions and the associated flexoelectricity in contact problems11-13. Since the size of ice particles (R1) is often orders of magnitude larger than that (R2) of graupel particles14,15, we treat the ice particle as an indenter with radius of R and treat the graupel particle as a semi-infinite elastic space. Then we can adopt Hertzian theory to calculate the strain distributions in graupel particles under the indentation of the small ice particle. To do so, we need to convert the impact of the indenter on the semi-space to an effective force  by16

                     (S11)






where  is the effective Young’s modulus of the contact,  is the relative velocity of the indenter moving toward the self-half space,  is the mass of the indenter which is equal to ( refers to the mass density).  is given by10

                        (S12) 







where ,  and ,  are the Young’s modulus and Poisson’s ratio of the indenter and the semi-space, respectively. Under load , the contact radius  and mean pressure  on the contact surface can be expressed as10


,                        (S13)
The stress fields of the semi-space beneath the contact region of a spherical indenter in cylindrical coordinates are given by10

 (S14)

   (S15)

                     (S16)


                    (S17)

where  is the displacement of points on the contact surface, and can be expressed as

               (S18)
The strain beneath the contact region in cylindrical coordinates can be expressed by the isotropic Hooke’s law 

                     (S19)

According to equation (S2) and the axial symmetry in this problem, the vertical polarization  beneath the contact region can be written in cylindrical coordinates as

               (S20)
Combining equations (S11) to (S20), and adopting typical parameters in an ice-collision event (Table S1), we have computed the distributions of the flexoelectric polarization beneath the indentation surface analytically, as shown in Fig. 4b. 
[image: ]
Fig. S1. Experimental setup, consisting of a dynamic mechanical analyzer (DMA) with temperature function, a charge amplifier and an oscilloscope
[image: ]
Fig. S2. The raw data for the averaged results in Fig. 2a and Fig. 3a in the manuscript
[image: ]
Fig. S3. The phase angle between displacement and charge measured in three ice samples with Pt electrodes on heating. 

	Y=Y1=Y2 (GPa)
	=1=2
	
	 (nC/m)
	KIC (kPa m1/2)
	a (MPa)

	9.3315 
	0.32515 
	10015 
	3±1 (this work)
	108.517
	0.129

	w (mm)
	l (mm)
	R=R1 (mm)
	R2 (mm)
	 (kg/m3)
	vr (m/s)

	659
	309
	0.118
	218
	916.715
	1018


Table S1. Parameters used in the theoretical calculations.
[image: ]
Fig. S4 Calculated 2D distribution of the flexoelectric field near a propagating crack tip. (a) Norm of the electric field. (b) and (c) Components of the electric field along the parallel and perpendicular directions to the crack, respectively.
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