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Abstract: In this work, shock polarization, electric properties of dislocations and mechanical-electric coupling are 
investigated in condensed matters. By means of research, a new law for condensed matters was found and it was 
formally named as Yuheng Zhang equation. Utilizing this law, it is found that 1) under non-uniform strain, materials may 
behave as a p-n junction, exhibiting current-rectifying properties; 2) pure semiconductors with strain gradient can be 
utilized as a solar cell; 3) thermoelectric power or Seebeck coefficient of materials may be dominated by this law and 
thermal expansion (contraction); 4) this law gives a new mechanism of electron-phonon interaction; 5) an electric field 
always accompanies defects in materials, such as dislocations, Abrikosov vortices and so on, and their electric field and 
related electrical potential are given; 6) strain gradient can cause an electric polarization in dielectric materials; 7) the 
gravity induced electric field persists within planets including the earth; 8) this law may be the microscopic physical 
origin of flexoelectric effect and the flexoelectric coefficients can be derived by means of this equation; 9) microscopic 
theory of shock polarization, another long-standing problem in the world, may be clarified in terms of this law. In all, the 
newly found law may offer people new understanding of electric properties of strained materials, and may find various 
applications in multi-areas. 
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1. Introduction 

Deformations can generate an electrical potential difference 
between surfaces of deformed ionic crystals, which may be first 
revealed by A. V. Stepanov [1]. A similar effect, namely, shock 
polarization, a phenomena that an electrical potential difference 
appears in almost all types of samples when they are 
dynamically loaded, was established and has been investigated 
for many decades [2-7]. As for shock polarization, many people 
attempted to interpret it and put forward many mechanisms for 
different materials, such as microscopic linear ionic chain 
model [8] and dislocation model [9] for ionic crystals, 
phenomenological mechanical polarization model for plastics 
[10], polar molecule rotating model for polar dielectrics [11] 
and so on. However, the microscopic mechanism for shock 
polarization is still little known and is challenging. 

On the other hand, dislocations have attracted much 
attention in recent years, because besides conventional 
mechanical properties they also exhibit electric properties and 

can detrimentally affect performances of semiconductor 
devices, as is revealed by experiments [12-16]. Actually, in 
early years electric properties of dislocations was speculated 
and observed in deformation processes of some crystals. For 
instance, electric charges are reported to accompany with 
dislocations during plastic deformation of materials such as 
sodium chloride [17, 18]. For a small angle grain boundary 
constructed by dislocations, experimental investigations show 
that it can bear charges and migrate under an external electric 
field [19]. Further experimental observations indicate that 
lattice-mismatch induced dislocations in a thin film give rise 
to a drastic degradation in piezoelectric constant and switched 
electric polarization [20]. Phenomenological analysis 
demonstrated that in ferroelectric films polarization varies 
dramatically near a dislocation and its gradient leads to 
suppression of polarization over several nanometers [21]. 
However, a detailed knowledge of dislocation on electric 
properties is completely lacking and the microscopic 
mechanism has been still unclear [22].  
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In this work, the related phenomena are mainly investigated 
in an effort to clarify their underlying microscopic physical 
mechanism in theory. 

2. Theoretical Methods 

Like the case in metals, let us consider a typical 
semiconductor or insulator undergoing strains. For the regions 
under strains, the Fermi surface for electrons may be lifted. 
Thus a discrepancy of Fermi surface appears between the 
strained and unstrained regions. The electrons in regions with 
higher Fermi surface tend to shift to regions with lower Fermi 
surface, thereby creating an electric field and an electric 
potential between the regions, as is shown in Figure 1. As is 
known, mass of electrons is much smaller than that of ions or 
atoms in materials, so response time scale of electrons is much 
shorter than that of ions or atoms. Therefore once the ions or 
atoms move in the materials, electrons response and approach 
their equilibrium state rapidly. These processes may be 
described by the equations, 

( ) ( )FE r qE r∇ =
rr r

               (1) 

( ) ( )1 2Z F FqV E r E r= −
r r

             (2) 

where ( )FE r
r

is position dependence of Fermi surface energy, 

namely, chemical potential in some literatures, q is electron 

charge and ( )E r
r r

is the yielded electric fields, VZ is the induced 

electric potential. Despite that this equation first appears in 
reference [23], to be consistent with name of this effect, i.e. 
Yuheng Zhang effect, here Equation (1) is formally named as 
Yuheng Zhang Equation.  

 

Figure 1. Schematic diagram of an electric field caused by Yuheng Zhang 

effect in materials: blue zones (Region I) and red zones (Region III) denote the 

unstrained regions and strained regions, respectively, and color gradient zone 

is strain gradient regions (Region II); stuffed circles with negative sign and 

stuffed circles with positive sign present electrons and ions; arrows in Region 

II give the possible electric field. 

3. Results and Discussion 

Yuheng Zhang equation may be valid for metals, 
semiconductors and insulators in solid and liquid state (In 
liquid state, Fermi surface energy may be chemical potential.), 
regardless of their dimensions, one, two or three. 

Let us examine the similarity and difference between 
Yuheng Zhang effect and piezoelectric effect. Their similarity 
is that both of them happen due to strains caused by applied 
stress and they can generate separation of accumulated 
charges in some semiconductors and insulators [24]. However, 
their difference is obvious. First, rigorously speaking, Yuheng 

Zhang effect is induced by strain gradient in materials rather 
than uniform strains for piezoelectric effect; second, Yuheng 

Zhang effect might be valid for all condensed materials 
including crystalline materials with center-inversion 
symmetry, but piezoelectric effect only exist in insulating 
materials without center-inversion symmetry; third, Yuheng 

Zhang effect may applies for metals, however, piezoelectric 
effect does not. 

The strain-induced electric potential is also compared with 
Galvani potential here. In some respect, this potential is like 
Galvani potential. Galvani potential occurs when two different 
materials contact each other, and it is given by difference 
between Fermi surface energies of the two materials [25],

2 1F FqV E E= − , where q is electron charge, V is the Galvani 

potential, EF1 and EF2 are the Fermi surface energy of the two 
different materials, respectively. If the material under different 
strains are regarded as different materials, this potential is the 
same as Galvani potential. But they differ from each other. 
This potential arises from strain-induced lift of Fermi surface 
energy of the identical material, whereas Galvani potential 
comes from the heterogeneous junction of two distinct 
materials with different Fermi surface energies.  

Generally speaking, many methods could alter Fermi 
surface energy. As usually encountered in semiconductors, 
doping can change Fermi surface energy, e.g., donor doping 
and acceptor doping in silicon. Besides, temperature 
variations and magnetic field also enable Fermi surface energy 
lift, despite very small alteration in many materials. These 
related physical processes are interesting and might be 
described by Yuheng Zhang equation, but in this work the 
strain effects are mainly focused on. 

Like in metals [23], this effect in semiconductors and 
insulators may also lead to several interesting phenomena. 

3.1. P-n junction Behaviors 

Non-uniformly strained materials, especially metal and 
narrow band semiconductors, may behave as a p-n junction, 
displaying current-rectifying behaviors and similar 
current-voltage (I-V) characters because of strain-induced 
electric potential as shown in Figure 2. And the biased 
electrical voltage VZ equals to the Fermi surface energy 
difference. As for the strained materials and conventional p-n 
junction, actually, they are the same as each other in principle, 
because both of them are generated by altered Fermi surface 
energy. One is strain altering Fermi surface energy; the other is 
atom-doping altering Fermi surface energy, thereby both 
causing an electric voltage. This property may be crucial in 
some situations. For example, one must be careful when 
performing resistance measurement of materials experiencing 
non-uniform strain. As shown in Figure 2(b) (black line), the 
measured resistance might be larger than the actual values. 
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Figure 2. Sketch of some metals and narrow band semiconductors under 

strain gradient as well as their current-rectifying properties. An assumption is 

taken that the strained regions possess higher Fermi surface energy. (a) 

stained materials in electrical circuit with an applied external electrical 

voltage V; Region I and Region III stand for the unstrained regions and 

strained regions, and Region II is strain gradient regions; stuffed circles with 

negative and positive signs present electrons and ions, respectively; arrows in 

Region II give the possible electric field distribution; (b) current-voltage (I-V) 

relation displayed by the metal and semiconductors under strain gradient, VZ 

is strain-induced electric potential between Region I and Region III; (c) 

current-voltage (I-V) relation displayed by semiconductors under strain 

gradient, VZ is strain-induced electric potential in equilibrium state and VS 

presents the measured electric potential in non-equilibrium state. 

Another interesting point is that if the non-uniformly 
strained metals and semiconductors do not reach electric 
equilibrium state, a net current IS and a net electrical potential 
VS can be measured in an outer electrical circuit and related 
I-V characteristic line is shown in Figure 2(c). As shown, 
analogous to thermoelectric potential and Seebeck coefficient, 
a new coefficient Sij could be introduced to describe this 
property. 

m ij ijV S Є∆ = − ∆                 (3) 

where ∆Vm is the measured electric potential difference and 
∆Єij is strain component difference, the index obeys Einstein 
notation. It also could be written in another form 

m ij ijE S Є= ∇
r

                   (4) 

where Em is measurable electric field mE V= −∇
r

. This 

electric field could be obtained by electron electrochemical 
potential gradient 

mqEµ∇ =
r

                       (5) 

where µ is position dependence of electron electrochemical 
potential, and if the system reach their equilibrium state, it is a 
constant and the related electric field is zero. Thus, the 
coefficient Sij is obtained 

ij
ij

S
q Є

µ∂=
∂                      (6) 

Upon applying an external electrical voltage, the yielded 
heat is easily obtained 

2
e e ij ijQ E E S Єσ σ

•
= + ∇             (7) 

where Q
•

 is generated power per unit volume in this material, 
Ee presents externally applied electric field, σ stands for 

electrical conductivity. Seen from this equation, if the applied 
external electric field Ee is in the same direction with the 
internal measurable electric field Em, this material would 
release more heat. Otherwise it would release less heat. The 
interesting point is that if the external electric field Ee was 
opposite to and smaller than the electric field Em, the material 
would absorb heat. These properties resemble the well-known 
Thomson effect that when an externa electrical current pass 
through a material with homogenous temperature gradient the 
material will release or absorb more heat [26]. The distinction 
is that here these properties are achieved in materials with 
strain gradient but Thomson effect is accomplished in 
materials with temperature gradient. 

3.2. A New Solar Cell 

Semiconductors with strain gradient can be utilized as a 
solar cell. Based on Yuheng Zhang equation, an electric field is 
generated in the strain gradient region, and thus the high Fermi 
surface region behaves as a n-doped zone and low Fermi 
surface region acts as a p-doped zone. Under sunlight 
radiation, electrons can be excited from valence band to 
conduction band, yielding conduction electrons and 
conduction holes. The yielded conduction electrons and holes 
will move to high Fermi surface region and low Fermi surface 
region respectively under action of this electric field, as is 
shown in Figure 3(a), resulting in an electrical voltage and 
electrical current in the outer closed electrical circuit. The 
theory describing electrical characteristics of new solar cell 
may be the same as that for the classical solar cell formed by 
p-n junction. At uniform temperature, if the parasitic 
resistances are not take into account, the current and the open 
circuit voltage may be given [27, 28]. 

( )0 1BqV k T
phI I I e= − −          (8) 

0

ln 1
phB

OC

Ik T
V

q I

 
= +  

 
           (9) 

where q is electron charge, VOC is yielded open circuit 
potential, Iph presents photocurrent, the second term in 
Equation (8) is dark current, V is externally applied electrical 
voltage, kB is Boltzmann constant, T is temperature, I0 is 
reverse saturation current. 

Let us perform the comparison between this new solar cell 
and conventional solar cell such as the widely applied silicon 
solar cells. Strictly speaking, they are the same as each other 
from viewpoint of basic physical principles. They both 
employ an internal electric field which arises from Fermi 
surface energy difference of semiconductors, and the electric 
field driving directional drift of conduction electrons and 
holes excited by photons will give birth to an electrical current 
and voltage. The only distinction lies in the fact that Fermi 
surface energy difference of conventional solar cells result 
from the doing, i.e., n-doping and p-doping, whereas for this 
new solar cell it comes from strain difference. 

Upon clarifying physical principle of this new type of solar 
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cell, the remnant problem is how we can fabricate such a solar 
cell. A possible design may be shown in Figure 3(b). The 
lattice mismatch between the substrate and a single crystalline 
semiconductor thin film grown on it can produce a noticeable 

elastic strain gradient along thickness, which is usually 
observed for the epitaxially grown thin films [29]. Based on 
Yuheng Zhang equation, the strain gradient may give rise to 
the needed internal electric field, i.e., the key for a solar cell.  

 

Figure 3. Schematic diagram of a new type of solar cell. (a) a suitable semiconductor possessing strain gradient under sunlight: exited holes (denoted by red 

circles) move along the strain-induced electric field (presented by black arrows) and the related excited conduction electrons (denoted by red dots) move in the 

opposite direction, producing an electrical voltage across the region with strain gradient; (b) a possible design for such a solar cell under sunlight: a single 

crystalline thin film is grown on a substrate and a large strain gradient may be yielded due to lattice mismatch between the semiconductor and substrate, so that 

an electrical voltage may be offered.  

3.3. Thermoelectric Power 

According to popular definition [30-33], theoretical 

Seebeck coefficient may be given by S = Ε T′ ∇
r

, where Ε
r

 

is electric field and T∇  is temperature gradient. According to 
Yuheng Zhang effect, thermal expansion may lead to an 
electric field FE q∇ . The measured electric field originates 

from electrochemical potential difference [34] and it may be

FE E q−∇
r

. So Yuheng Zhang coefficient [23] may be also 

valid, 

( )
( )ln

FV
Z

E r
S

q V T

δα
δ

=
r

              (10) 

where q is electron charge, V(T) is temperature T dependence 
of volume and Vα is volume expansion parameter. 

Therefore, relation between experimental and theoretical 
Seebeck coefficient may be F ZS S E q T S′= − ∂ ∂ − . 

Sometimes Yuheng Zhang coefficient may dominate 
temperature dependence of Seebeck coefficient, and its sign 
relies on both the thermal expansion parameter and strain 
dependence of Fermi surface energy. This may give a new 
understanding for temperature dependence of thermoelectric 
power of materials.  

3.4. New source of Electron-phonon 

Interaction 

Strains, including elastic and plastic strains, usually come 
from motion and redistribution of ions in materials. When ions 
move the electrons can quickly follow them and reach a new 
equilibrium state due to much smaller electron mass than ions. 
Consider a case that a longitudinal wave passing through a 
simple cubic crystal, due to induced periodic displacement of 
ions, a periodic strain may appear and therefore Yuheng Zhang 

effect occurs, generating an electric field and a related 
electrical potential, as is shown in Figure 4 (b) and (c). 
Electrons will experience the electric field and their potential 
energy is correspondingly lifted. This is the newly proposed 
mechanism of electron-phonon (e-p) interaction in this work. 
By means of similar calculations [35], its mathematic 
expression may be written as  

( )( )+
, ,

,, ,
2

e p q F q q k k q
qk q

H i q E q b b C C
MN

λ λ
λλ

λ
ω

+
− − −= − ⋅ +∑ r rr r r

rr r

r r rh
   (11) 

where He-p is e-p Hamiltonian, bq,λ and +
,qb λr are annihilation 

and creation operators for λ branch phonons with momentum 

q,
k

Cr and
k

C
+r are annihilation and creation operators for 

electrons with momentum k, respectively, ωq,λ is phonon 
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energy, M is ion mass, N is number of ions in the crystal, qλ
r

is 

a direction unit vector for ion vibrations, Fermi surface energy 

for electrons at ion position jR
r

is ( )F jE r R−
rr

, and its Fourier 

form is ( ) ( ) ( )1 jik r R

F j F

k

E r R E k e
N

⋅ −
− = ∑

r rr

r

rrr
. 

This new e-p interaction is very like the conventional e-p 

interaction [35] in formalism, but they are distinct in physics. 
This e-p interaction comes from Yuheng Zhang effect, but the 
conventional e-p interaction stems from screened coulomb 
interaction between ions and electrons. Strength of the new 
e-p interaction sensitively depends on functional derivative of 
δEF/δЄ (Є is position dependence of strain, negative for 
compressed strain and positive for tensile strain) and can be 
more easily determined by first-principle calculations. Like 
the conventional e-p interaction, the new e-p interaction may 
play a vital role in understanding multi-physical properties of 
crystals.  

At the end of this part, let us give a predicted interesting 
phenomenon. Suppose a crystal is periodically strained along 
a direction and we measure its resistance along this direction, 
as is shown in Figure 4(b). According to previous discussions, 
the measured electrical current may be 

0 0

1 Z
m e

LV
I U

R L

 
= − 

 
             (12) 

where Im is measured electrical current flowing through the 
crystal, R0 is actual resistance, Ue is applied external electrical 
voltage, L is length of the crystal, L0 is periodic strain length, 
VZ is the induced electric potential in a period as shown in 
Figure 4(c) (d). It is typical electrical characters of charge 
density wave [36]. It can be seen that the measured resistance 
is always larger than its actual value. A shorter period and 
larger strain will cause a more notable increase of measured 
resistance. On the contrary, the measured resistance decreases 
if the external voltage increases. It may be the underlying 
physical mechanism of electrical behaviors of charge density 
wave. 

 

(a) 

 

(b) 

 

Figure 4. Schematic diagrams. (a) unstrained simple cubic (SC) crystalline 

lattice, the stuffed circles stand for ions; (b) periodically strained SC 

crystalline lattice, black arrows denotes the possible electric field distribution 

caused by Yuheng Zhang effect; (c) corresponding periodically electric 

potential for periodically strained crystalline lattice (b), where VZ is the 

largest Yuheng Zhang potential in a period; (d) expected measured electrical 

current-voltage (Im-Ve) relation and asymptotic line (blue dash line), where L 

is the crystal length, L0 is wavelength of the longitudinal wave.  

3.5. Defects in Materials 

3.5.1. Dislocations 

In this part, we focus on electric properties of dislocations 
in terms of Yuheng Zhang equation. 

Let us consider edge and screw dislocations in an isotropic 
material. According to elastic stress field of an edge 
dislocation [37] and Hooke’s law, position dependence of 
local volume under the stress field of the dislocation is

( ) ( )
( )0 2 2

1 2
, 1

2 1
ev b y

V x y V
v x yπ

 −
= − 

− +  
, where ν is Poisson’s 

ratio, V(x, y) is position (x, y) dependence of volume, V0 is 
unstrained volume, be is Burgers vector of an edge dislocation 
in x direction. Ignoring boundary effect, e.g., image 
dislocation induced strain relaxation, based on Equation (1) 
and (2), the caused electric field around a single edge 
dislocation and electrical potential between any two points are 
easily obtained  

( ) ( )
( ) ( ) ( )

2 2
0

2 22 2 2 2

1 2 2
, 

2 1
eF

bV E xy y x
E x y x y

q V
x y x y

νδ
δ π ν

 
− − ≈ + − + + 

 

r r r
 (13) 

( ) ( ) ( )
( )

0 2 1
2 2 1 1 2 2 2 2

2 2 1 1

1 2
, ,

2 1
eF

Z Z

bV E y y
V x y V x y

q V x y x y

νδ
δ π ν

 −
− ≈ −  − + + 

 (14) 

where q is electron charge, x
r

and y
r

are unit direction vectors in 

cartesian coordinates. The electric field is shown in Figure 
5(b). Another electric component 12 12FE Є Єδ δ ∇ (Є12 is 

shear strain) resulting from shear strain may be much smaller 
than main components in Equation (13) for an isotropic 
material and is neglected here, nevertheless, for other 
materials this component must be considered. By means of 
simple estimations, the electric field near the core of edge 
dislocation may approach a value as high as 108 V/m. Note that 
the electric field and potential strongly rest with 0 FV E Vδ δ , 

an intrinsic feature of a material. For sodium chloride, if

0 FV E Vδ δ is positive, the dislocation may behave as an 

entirety of positive charges in tensile regions and negative 
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charges in compressed regions, and their charge densities are 
highest at the core as is shown in Figure 5(a). For instance, for 
a NaCl bar plastically bent under tensile load, a tensile strain 
field may be generated at convex surface and a compressed 
strain field may be yielded at concave surface, respectively, 
thereby creating positive charges at the convex surface and 
negative charges at the concave surfaces, which is indeed the 
experimental observations [18]. 

Another type of widespread dislocations, screw dislocations, 
only induce shear strains in an isotropic material [37]. Using 
Equation (1) in the same way, the induced electric field, 
potential difference and electric energy around a screw 
dislocation may be obtained as followings, 

 ( )
( ) ( )
2 2 2 2

2 22 2 2 213

1 2 2
, 

2
sF bE x y xy x y xy

E x y x y
q Є

x y x y

δ
δ π

 
− + + − + − = + 

+ + 
 

r r r
 (15) 

( ) ( ) 2 2 1 1
2 2 1 1 2 2 2 2

13 2 2 1 1

1
, , 

2
sF

Z Z

bE x y x y
V x y V x y

q Є x y x y

δ
δ π

 − −
− ≈ − −  + + 

 (16) 

where bs is Burgers vector of this screw dislocation in z 
direction, Є13 is induced shear strain by this screw dislocation. 
In isotropic materials, this relation may exist 

13 11F FE Є E Єδ δ δ δ<<  and there is no electric charges at 

its core. Therefore, Yuheng Zhang effect and its electric field 
around a screw dislocation may be not as apparent as that of 
edge dislocations, as is the point observed by experiments 
[18]. 

The electric field around dislocations necessarily brings 
electric energy. For an isotropic linear dielectric material, the 
electric energy for a dislocation of unit length may be easily 
obtained in terms of Equation (13) and (15), 

( )
( )

22 2
0 0

2 2
0

1 2

4 1

eF
e

e

bV E
G

q V r

νε ε δ
π δ ν

− 
≈  

− 
    (17) 

2 2
0

2
13 0

1

4
sF

s

s

bE
G

q Є r

ε ε δ
π δ
 

≈  
 

         (18) 

where ε is relative dielectric permittivity, Ge, Gs is electric 
energy surrounding an edge dislocation and a screw 
dislocation, respectively, re0, rs0 is radius of the corresponding 
edge dislocation core and screw dislocation core. For some 
dielectric materials, this energy may be comparable with or 
even larger than the elastic energy of dislocations. 

In the case of metals, the calculation of electric energy may 
be a little complicated due to the difficult selection of relative 
permittivity. A potential candidate may reside in 
Thomas-Fermi screening dielectric function, i.e., the static 
limit of Lindhard dielectric function. Take the same 
approximation as in calculations of the earth’s geomagnetic 
field [38] and it is 

( )0 1sr r
ee E n qr Cε − = ≈              (19) 

where rs is Thomas-Fermi screening length, ne denotes free 
electron density in metals, q stands for electron charge and E is 
electric field strength. For dislocation inducing static electric 
field in most of metals, C may approximate ~−10 C/m2. Thus, 
electric energies around an edge dislocation and a screw 
dislocation is obtained,  

( )
( )

0

0

1 2
ln

1
eF

e
e

bV EC R
G

q V r

νδ
δ ν

−
≈

−
       (20) 

13 0

2
lns F

s
s

b C E R
G

q Є r

δ
δ

≈           (21) 

where R is radius of strained regions. The calculation only 
give rough estimation of electric energies of dislocations in 
metals, and more accurate calculations still need to be 
explored.  

 

 

Figure 5. Sketch of an edge dislocation (a) and its electric field distribution (b) 

in an isotropic material. (a) stuffed purple circles denote atoms or ions, short 

black line are bonds, positive and negative stuffed yellow circles are line 

positive and negative charges, respectively; (b) black and blue arrows present 

direction of electric field Ex and Ey, but do not denote strength of these fields.  

According to above discussions, total energy of a 
dislocation may consist of two parts, one is the well-known 
elastic energy, the other is the electric energy which may be 
pointed out for the first time here. When analyzing dislocation 
dominated mechanical properties of materials, one must take 
this electric energy into account. Due to electrostriction effect, 
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the electric field reversely leads to strains which may modify 
strain field of dislocations. In the other respect, the 
dislocations may affect electrical resistance of materials. In 
view of the electric fields of edge and screw dislocations 
(Figure 5(b)), electrical resistance in x-y plane may increase 
conspicuously as is usually observed in metals and 
semiconductors [39-41], but electrical resistance along z 
direction may not be influenced due to absence of 
z-component electric field. This mechanism provides people a 
simple route to understand dislocation effect on electrical 
resistance. For isotropic materials, main strain-induced lift of 
EF may be much larger than that caused by shear strain, 
therefore, the edge dislocations may dominate variations of 
electrical resistance. For anisotropic materials, one must 
consider influence of both the two types of dislocations on 
electrical resistance.  

Moreover, electric effects of dislocations and other strained 
mechanical microstructures may also be important in related 
chemical areas, e.g. electrochemical corrosion. 

3.5.2. Other Point Defects 

Analogous to the case of dislocations, beside elastic stress 
field around them, other point defects such as interstitial atoms, 
vacancies, impurity atoms and so on usually give rise to radial 
strain field around them. In light of Yuheng Zhang equation, 
the radial strain may generate radial electric field. Using 
Gauss’s law, one may find that the point defects act as charged 
particles in materials and increase electrical resistance in all 
crystalline orientations. When analyzing multi-physical 
properties of materials, one must consider both elastic field 
and related radial electric field.  

3.5.3. Abrikosov Vortex 
In type-II superconductors, when the external magnetic 

field is higher than critical field HC1, magnetic field will enter 
the superconductor and forms some vortices. For an isolated 
vortex, density of Cooper pairs is suppressed to zero at its 
center and restores its full value at a distance of coherence 
length ξ away from the center [42]. Within the vortex, 
materials stay in magnetic field and its magnetic pressure 

coming from Lorenz force may be ( ) ( )2
02P r B r µ= [43], 

where P(r) is magnetic pressure, r is distance from the center 
of vortex, µ0=4π×10-7 H/m is vacuum magnetic susceptibility. 
At the center of vortex, superconducting state is believed to be 
completely destroyed, and the corresponding magnetic field 
might reach upper critical field, i.e., B(0)=BC2(T). So, the 
generated tensile magnetic pressure at the center is  

( ) ( )2
2

0

0
2

CB T
P

µ
=                  (22) 

For type-II superconductors, the upper critical field varies 
as temperature and is usually of order ~10 T at low 
temperatures [44-46]. The generated tensile magnetic pressure 
may be P(0)≈40 MPa, comparable with yield strength of many 
metals, and the induced volume strain may reach ~10-4. Based 
on Yuheng Zhang equation, if magnitude FE Єδ δ  ranges 

from 1 to 10 eV, the produced potential VZ(T) will be in the 

range 0.1~1 mV. On the other hand, strong magnetic field may 
also alter the Fermi surface energy of this normal region a 
little by µB·BC2(T)~0.6 meV, producing another potential. So, 
the whole electrical potential between center of vortex and its 
surrounding areas may be summation of the two potentials. 
Like temperature dependence of upper critical field BC2(T), the 
potential is strongly temperature dependent and decreases 
rapidly as temperature increases. Conversely, measurement of 
temperature dependence of electrical potential VZ(T) for a 
single vortex may offer people another method to determine 
temperature dependence of upper critical field BC2(T), 
particularly upper critical field of some high-temperature 
superconductors such as cuprate superconductors and 
iron-based superconductors. Owing to the electric properties, 
Abrikosov vortices are expected to behave as line charges 
sometimes. 

3.5.4. Magnetic Domain Walls and Magnetic 

Skyrmions 

When a ferromagnetic (FM) material is subject to 
external magnetic field, Fermi surface energy of magnetic 
domains parallel to magnetic field may be lower than that of 
domains antiparallel to the magnetic field. In case of 
popular 180° domain walls, Fermi surface energy may be 
lifted by 2SµBB across the domain wall, where SµB is 
magnetic moment at a site, µB is Bohr magneton, B is 
external magnetic field. So according to Yuheng Zhang 

equation, an electric field and an electrical potential may 
appear within the domain wall. Assume 1 T of the external 
magnetic field, 2µB of the magnetic moment, and 30 nm of 
the domain wall thickness, the corresponding electrical 
potential and related electric field may approach ~0.2 mV 
and ~7×103 V/m, respectively.  

Like the case of magnetic domain walls, a recent hot and 
interesting topic of a topological defect, magnetic skyrmion, 
may display similar electric properties under external field and 
may yield an electrical potential and a radial electric field 
between center of skyrmion and its surroundings. In a sense, 
skyrmions also behave as charged quasiparticles under 
external magnetic field, which means that it could be tuned by 
an external electric field. 

3.6. Phase Transition Induced Electrical 

Voltage at Interface 

As discussed for metals [23], when phase transition 
happens for a material, Fermi surface energy of the new phase 
may be lifted due to volume and symmetry changes. So, an 
electrical voltage and electric polarization may appear at the 
interface between the material and its new phase in spite of 
their identical chemical compositions. This voltage may be 
written as 12 2 1F FqV E E= − , where V12 is voltage at the 
interface, q is electron charge, EF1 and EF2 are the Fermi 
surface energy of the material and its new phase, respectively. 
This voltage may be unique and likes a fingerprint, and can be 
utilized to characterize phase transitions, especially the 
liquid-liquid transitions which are challenging for ordinary 
diagnostic methods. 
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3.7. Strain Induced Electric Field and 

Polarization 

3.7.1. Strain Gradient Induced Electric 

Polarization 

Upon strain gradient, insulators may present an electric 
polarization and it is obtained by means of Yuheng Zhang 

equation,  

 ( ) ( ) ( )
0 1 FE r

P r
q

ε ε
∇

= −
r

r r
             (23) 

where ( )P r
r r

 is position dependence of electric polarization, 

0ε and ε  are vacuum dielectric permittivity and relative 

permittivity, respectively. Obviously, for a given material, the 
electric polarization depends on gradient of Fermi surface 
energy, and a larger position gradient of Fermi surface energy 
would lead to a larger electric polarization. For instance, the 
electric polarization may be very large within rarefaction 
waves and shock wave front which will be discussed later. 

3.7.2. Mechanical Fracture of Material 

For cases of mechanical loading exceeding fracture 
strength of a solid material, a fracture appears and a crack 
propagates in the material and stress concentration usually 
occurs at the tip of crack, especially for some ductile metals. 
The crack propagation is usually accompanied by elastic 
strain energy release and strain release at its two lateral sides, 
including initial concentrated crack tip stress and strain. The 
dynamic mechanical processes may give rise to Yuheng 

Zhang effect, thereby creating an electric field and electrical 
potential along unloading directions. From the viewpoint of 
energy, when a crack starts and propagates, the elastic strain 
energy transforms to fracture energy and electric energy, 
despite much smaller value of the electric energy than 
fracture energy sometimes. So the strain induced 
polarization state may help people examine strain state of a 
material under loading.  

3.7.3. Gravity Induced Electric Field in 

Planets 

Some materials naturally exhibit strain gradient due to 
gravity, e.g. various types of rocks in some planets and 
satellites in the aerospace. Generally speaking, a rock stays in 
planets deeper, it is subject to a larger pressure and thereby 
displays a larger compressed strain, resulting in a radial 
electric field and a corresponding electric polarization. The 
field strength may reach an order of ~10-6 V/m. However, the 
actual electric field may be relatively complicated because of 
many different types of rocks and minerals as well as their 
complex distributions in planets and satellites.  

Information of electric field distributions of minerals in the 
earth may be employed to unravel evolution of their stress and 
strain state. Of specially pointed out is the possibility that in 
terms of scanning internal electric field of minerals in the 
earth’s crust, earthquake forecast, a highly desired but great 
challenge for people, might be viable in the future.  

3.8. Microscopic Origin of Flexoelectric 

Effect 

Flexoelectric effect was stated by phenomenological 
analysis more than half a century ago and it is believed that 
strain gradient has directionality and can yield an electric 
polarization in dielectric materials [47]. The flexoelectric 
polarization is given by the following relation [22], 

ij

l ijkl
k

Є
P

x
µ

∂
=

∂
               (24) 

where Pl is the l-th component of flexoelectric polarization, 

ijklµ is flexoelectric coefficient and a fourth-rank polar tensor,

ijЄ is position dependence of strain and xk is position 

coordinate. Previous theoretical analysis [47, 48] estimated 
that magnitude of flexoelectric coefficient was very small 
and was the order of q/a~10-10 C/m (q is electron charge and 
a is lattice parameter), meaning that flexoelectric effect might 
be too small to tune polarization of materials. However, it 
was later found that flexoelectric coefficient can reach an 
unexpected large value and the related flexoelectric effect 
can dominate electric polarization of a material. For an 
instance, magnitude of flexoelectric coefficient is order of 
10-6 C/m in relaxor ceramics Pb(Mg1/3Nb2/3)O3 [49], several 
orders higher than formerly estimated; and stress gradient can 
mechanically switch polarization in ferroelectric film [50]. 
Since then many progresses have been made in this area, 
including its phenomenological description [51], but the 
underlying microscopic physical origin is still a puzzle.  

Here, it is stated and believed that flexoelectric effect is a 
special case of Yuheng Zhang effect in dielectric materials. 
And the microscopic origin may be provided by Yuheng 

Zhang equation, i.e., Equation (1). So, the induced electric 
polarization is given 

( ) ( )
( )

( )0 1 ijF k
l

ij l k

Є rE r x
P

q Є r x x

ε ε δ
δ

∂− ∂
=

∂ ∂

rr

r      (25) 

where Єij(r) is position dependence of strain, q is electron 
charge. By comparing Equation (24) and (25), the 
flexoelectric coefficients can be obtained easily, 

 
( ) ( )

( )
0 1 F

ijkl kl
ij

E r

q Є r

ε ε δ
µ δ

δ
−

=
r

r      (26) 

where δkl is unity only when the subscript is the same as each 
other (δkl=1 for k=l; δkl=0 for others). So, the flexoelectric 
coefficients can be reduced and expressed as, 

( )ij
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            (27) 
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−

=
r

r            (28) 
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According to Equation (28), flexoelectric coefficients are 
monitored by two key parameters: one is the relative 
permittivity ε, the other is strain dependence of Fermi surface 

energy ( ) ( )/F ijE r Є rδ δr r
. For most of materials, 

( ) ( )/F iiE r Є rδ δr r
may be in the range 1~10 eV, thus the 

magnitude of corresponding flexoelectric coefficients are 
summarized in Table 1. In the case of relaxor 
Pb(Mg1/3Nb2/3)O3 whose relative permittivity is 13000 at 1 

KHz and room temperature, flexoelectric experimental 
measurement gives the corresponding flexoelectric 

coefficient 4 × 10-6 C/m [49], which is in qualitative 
agreement with estimation in Table 1. For epitaxial single 
crystalline BaTiO3 thin film under compression, based on its 
calculated volume variations [50], the electric field estimated 
by Yuheng Zhang equation gives 5×107~ 5×108 V/m, which 
is in accord with the measured biased field ~108 V/m in the 
hysteresis loop in supplementary materials [50]. Further 
quantitative work may need to carry out first-principle 

calculations to determine the parameter ( ) ( )/F ijE r Є rδ δr r
 

of these materials. 

Table 1. For most materials with possible volume dependence of Fermi surface energy ( ) ( )/F iiE r Є rδ ∂r r
 in the range 1~10 eV, the obtained flexoelectric 

coefficients are listed as followings. 

Relative permittivity ε Flexoelectric coefficients
( ) ( )

( )
0 1 F

ii
ii

E r

q Є r

ε ε δ
µ

δ
−

=
r

r  

1-10 10-11~10-9 C/m 
10-100 10-10~10-8 C/m 
100-1000 10-9~10-7 C/m 
1000-10000 10-8~10-6 C/m 

 

3.9. Strain Engineering 

In thin films epitaxially grown on substrate, strains usually 
stem from lattice mismatch between the film material and 
substrate. For the mismatch-induced strains, there exist a 
critical thickness within which the strains offer an opportunity 
to enhance some physical properties of the film and beyond 
which the strains are not available [29]. The out-of-plane 
strain can be expressed by the following form [29], 

( ) /
0

cr d
Є r Є e

−=            (29) 

where ( )Є r stands for out-of-plain strain in the film at a 
distance r away from the interface, dc is the related critical 
thickness, and 0Є is the out-of-plain strain at the interface. The 
critical thickness is usually tens of nanometers, and strain 
gradient in oxide epitaxial thin films such as HoMnO3 can 
often approach a value as large as 106 /m [52]. Combining 
Yuheng Zhang equation and Equation (29), one may easily 
find that the generated internal electric field is usually 
perpendicular to the interface. For the self-polarized 
ferroelectric domain, i.e., upward or downward polarization 
shown in thin films in their as-grown state [52], it may be the 
physical origin.  

To ascertain whether the proposed point is right or not, the 
corresponding comparison is performed between the theory 
and experiments. In terms of Yuheng Zhang equation, if the 
corresponding parameter ( ) ( )/F iiE r Є rδ δr r

for HoMnO3 is 

order of ~10 eV, the yielded intrinsic electric field might be 
107 V/m agreeing with experimental biased electric field ~4×
107 V/m measured in the hysteresis loop for the ferroelectric 
monodomain [53]. Investigations on strained SrTiO3 epitaxial 
thin film suggest that the mismatch strain play a similar role as 
an electric field in polarization [54]. For simplicity, as an 
estimation, the strain gradient could be taken as ratio between 

strain and film thickness 2×105 /m and therefore the induced 
electric field may achieve 106 V/m, a value consistent with the 
biased field ~2×106 V/m in measured hysteresis loop [54]. In 
a word, these experiments may verify correctness of Yuheng 

Zhang equation and Yuheng Zhang effect, albeit qualitative 
nowadays.  

3.10. Microscopic Theory of Shock 

Polarization 

For shock-loaded materials as shown in Figure 1, 
strain-induced electrical potential and its corresponding 
electric polarization always exist across the shock wave front 
(region II in Figure 1) no matter how weak the shock wave is 
and no matter whether plasticity occurs or not. Based on 
Yuheng Zhang equation, magnitude of this potential and 
electric polarization relies on shock waves. A stronger shock 
wave may lead to a larger electrical potential and a larger 
electric polarization. 

In this work, it is proposed and stated that shock 
polarization is another representation of Yuheng Zhang effect 

in materials under shock loading. The corresponding 
microscopic mechanism may be given by Yuheng Zhang 
equation. 

Figure 6 (a) gives the typical experimental setup for the 
measurements [4, 9, 55], and its equivalent electrical circuit is 
shown in Figure 6 (b) and (c). On imparting a screening metal 
plate (Electrode I) by a flyer plate, shock waves emerge and 
compress the metal electrode, thereby creating an electrical 
potential VS1 in this electrode (left brown zones in Electrode I). 
Before shock wave reaching interface between Electrode I and 
the investigated materials, its equivalent electrical circuit is 
given by Figure 6 (b). As a result, there is no electrical signals, 
which is consistent with experimental results [4, 9, 55].  
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Figure 6. Schematic diagram of experimental setup (a) and corresponding equivalent electrical circuits (b), (c) and (d). In experimental setup (a), a flyer plate 

(left yellow zone) impacts an electrical screening plate which is also used as electrode I (left orange zones) and creates shock waves (left brown zone) which 

generate a Yuheng Zhang potential VS1 in electrode I, and (b) is the related electrical circuit. When arriving at interface between the screening plate and 

investigated material, the shock waves penetrate into the investigated material (light blue zones) and compress it (red zones). Across shock wave front (color 

gradient zone) in the material, another potential appears and is denoted as Vm. Electrode II, the same metal material as electrode I, is adopted and is connected 

to an external resistance R0. Its voltage is the measured voltage. If the investigated material is a metal, its equivalent electrical circuit is shown in (c), while 

electrical circuit for a dielectric material is shown in (d). The relative permittivity, electric field, capacitance, resistance for the dielectric material in shocked 

regions (red zones) and un-shocked regions (light blue zones) are ε3, E3, C3 and ε1, E1, C1, respectively. 

3.10.1. Electromotive Force (EMF) in Shocked 

Metals 

When shock waves arrive at the boundary between 
Electrode I and investigated metal, they enter the metal and 
compress it (red zones), generating a potential Vm between 
shocked regions and un-shocked regions as shown in Figure 
6(a). Simultaneously another wave is reflected into Electrode I, 
compressing or decompressing Electrode I further (If shock 
impedance of investigated material is larger than that of 
Electrode I, the reflected wave is a shock wave that 
compresses Electrode I, otherwise it is rarefaction waves 
decompressing the electrode.). Therefore, another potential 
VS2 is yielded in Electrode I (magenta zones) as shown in 
Figure 6(a). The equivalent electrical circuit is given by Figure 
6(c). If the investigated metal is the same as electrode metal, 
no wave is reflected from the interface, and the potentials VS2, 
Vm in circuit (Figure 6(c)) equals to the potential VS1, i.e., VS2= 
Vm=VS1. Therefore, there is no electrical signals, which is in 
agreement with experimental results [56].  

Now let us focus on the case that the electrodes and 

investigated sample are different metals. All the formed plane 
boundaries between electrodes and sample could be regarded 
as good electrical contacts in the circuit shown in Figure 6(c). 
In the circuit, a resistance R2 denotes intrinsic resistance of 
metal sample, electrodes and their contact resistance. A 
resistance R1 stands for contact resistance between electrode I 
and released lateral regions in the metal sample (light blue 
regions in Figure 6(a)), the contact area may be a very narrow 
ring. The two resistances may be much smaller than the 
external resistance R0 which is in the range 50~100 Ω in the 
measurements [4, 9, 54, 57]. So the measured voltage might be  

( )1 2
0

1 2

S mR V V
V

R R

−
=

+
              (30) 

( ) ( )2 2= 0S FS S FSqV E Є E−           (31) 

( ) ( )= 0m Fm m FmqV E Є E−           (32) 

where V0 is the measured voltage, VS2, Vm and EFS, EFm are 
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electrical potential and Fermi surface energy of screening 
metal plate and sample, respectively, ЄS2, Єm is related strains 
of screening metal plate and sample (negative for compressed 
strain and positive for tensile strain). 

Due to uncertainty in the experiments, the accurate values 
of the two resistances is difficult to determine, which may be 
the reason for conspicuous discrepancy of the measured 
voltage in different groups [4, 56, 58]. However, it can give 
the sign of the measured voltage. If the potentials fulfill VS2 
−Vm >0, the measured voltage is positive, and conversely it is 
negative. If a metal possessing both high Fermi surface energy 
and low shock impedance is used as screening metal plate, in 
other words, a large positive potential VS2, the measured 
voltage seems more to be positive, otherwise it is more 
possible to be negative, which agrees with experimental 
results [4]. Interestingly, according to Equation (30), if an 
insulating material whose shock impedance matches that of 
sample is placed around the sample, i.e., increasing R1 
dramatically, the measured voltage would increase and be 
close to the value (VS2−Vm). This point still needs experiments 
to prove in the future. 

Of noted is that in the above analysis on EMF in metals, the 
thermoelectric power and phase transition are not considered. 
Both of them can contribute to the experimental results, 
especially the latter one. To be anticipated, when phase 
transition happens, it usually causes a sudden magnitude 
change or a sign change of the measured voltage. The precise 
value of phase-transition-induced electrical voltage still need 
much theoretical and experimental work to determine. 

3.10.2. EMF in Shocked Semiconductors and 

Insulators-shock Polarization 

As for most of semiconductors and insulators, their 
resistivity is usually larger than 106 Ω·m. So for a sample with 
a thickness ~mm and an area ~cm2, its resistance is much 

larger than the external resistance R0 in a range 50-100 Ω. If 
the resistance of sample in compressed regions does not 
decrease sharply and is still much larger than external 
resistance R0, the related electrical circuit could be simplified 
as shown in Figure 6(d), which is analogous to a previous 
phenomenological explanation for shock polarization [7]. The 
shocked regions and unshocked regions of sample may act as 
two parallel-plate capacitors with relative permittivity ε3, 
electric field E3, capacitance C3 and ε1, E1, C1, respectively. 
The time dependence of measured electrical current and 
voltage are given as 

( ) 3 3dC V
I t

dt
=                (33) 

( ) 1 1dC V
I t

dt
=              (34) 

( ) 0 2 3 1S mI t R V V V V= − − −           (35) 

where I(t) is time dependence of electrical current passing the 
circuit (positive for clockwise), V3 and V1 are the voltages at 
the two capacitors, respectively. After some simple 
calculations, it is  

( ) ( ) ( )1
3 1 1 1 1 0

dE t
t E t E

dt
λ λ λ λ

′
′ ′ + − + = ′

   (36) 

where the parameters λ1=t0/τ1, λ3=t0/τ3, τ1=Aε0ε1R0/L, 
τ3=Aε0ε3R0/(U−u)t0, t'=t/t0, V1=U(t0−t)E1(t), V3 = (U−u)tE3(t), 
L=Ut0, E0=(VS2−Vm)/L, U is shock wave velocity and u is the 
particle velocity, L is thickness of the sample, A is area of 
sample, t0 is time duration for shock waves passing the sample, 
E1 is electric field in capacitor C1. Based on these equations, 
the measured time dependence of electrical current is  
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1 e
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    − −−       ′ ′ ′= − − + −         − −−         
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where parameter k=λ1/λ3, Erf(x) is error function. Seen from 
this equation, the current versus time relation I(t') only 
depends on parameters k and λ3. To clarify roles of sample area, 
thickness and relative permittivity and so on, let sample area 
A=Au×10−4 m2, external resistance R0=Ru×50 Ω, VS2−Vm=Vu×1 

V, velocity U−u=Uu×103 m/s, permittivity ε0ε=εu×10−11 F/m 
and duration t0=tu×10-6

 s, where Au, Ru, Uu, εu and tu are 
dimensionless parameters. Substitute them into Equation (37), 
it is  
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According to this equation, the typical results, current-time 
relation I(t')-t' are shown in Figure 7. It shows that I(t')-t' line 
presents a down-concave shape (see Figure 6(a)), and 
interestingly, magnitude of the current relies on both sample 
areas and durations, in other words, sample thickness. The 
electrical current gradually increases with increasing sample 
area, and it remarkably rises as sample thickness declines (see 
Figure 7(b)), which are consistent with experimental results 

for single crystal sodium chloride NaCl [9, 55]. Through 
analysis, it is found that these properties arise from the 
pronounced increase of relative permittivity of materials in 
compressed regions. To one’s surprise, if the relative 
permittivity decreases after shock compression, the current 
decreases as time and would display a sign change as shown in 
Figure 7(c), which may be reasons for the observed sign 
change for shock-loaded single crystal NaCl at 1 and 1.6 GPa 
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[9, 55]. In reality, the sign of current primarily depends upon 
variations of electrical potentials VS2 of the metal screening 
plate and Vm of the sample under compression. As discussed 
previously, the current is positive in the case of VS2−Vm>0, but 
is negative in the opposite case. Furthermore, another I(t')- t' 
relation is predicted as shown in Figure 7 (d), which needs to 
be proved in the future. These primary results are stable in 
broad parameter zones. And the quantitative comparison with 
experiments nevertheless need first-principle calculations to 
determine potential values VS2 and Vm.  

In terms of above discussions, shock polarization, a 

widespread phenomenon in materials under shock loading, 
may be fundamentally understood by using Yuheng Zhang 

equation. However, of emphasized is that phase transition, 
piezoelectric effect and self-polarization such as ferroelectric 
polarization and so on are not taken into account here. When 
one investigates a specific material under shock loading, he 
(she) must consider all possible factors. 

According to previous discussion, a notable electric field 
may exist at the shock wave front and it may also be of 
paramount importance in some other fields, e.g. detonation 
initiation.  

 

Figure 7. Calculated results for current-time relation (I-t') for shock polarization. (a) sample area dependence of I-t' relations under conditions Vu=1, Ru=1, 

tu=0.6, k=6, Uu=3 and εu=800, blue line (A=10 cm2), red line (A=6 cm2), black line (A=3 cm2); (b) duration dependence of I-t' relations under conditions Vu =1, 

Ru =1, k =6, Uu =3, Au=3 and εu =800, orange line (t0=0.2 µs), magenta line (t0=0.4 µs), black line (t0=0.6 µs); (c) sign change of current under conditions Ru =1, 

k =0.2, Uu =3, Au =3 and εu =300, blue line (V=0.75 V, t0=0.25 µs), red line (V=1 V, t0=0.2 µs); (d) duration dependence of a rectangular shape for I-t' relations 

under conditions Vu =1, Ru =1, k =3, Uu =3, Au =3 and εu =300, blue line (t0=1 µs) and red line (t0=0.6 µs). 

4. Conclusions 

In summary, in this work it is pointed out that Fermi surface 
energy of a material is position dependence, and accordingly 
uncover a new physical law as well as a physical effect in 
condensed materials, i.e, Yuheng Zhang equation and Yuheng 

Zhang effect. By investigations using this law and this effect, 
some new understandings of multi-physical properties of 
materials are gained: 1) materials experiencing strain gradient 
could present current-rectifying properties; 2) pure 
semiconductors with dramatic strain difference could be used 
as a new type of solar cell; 3) thermal expansion (contraction) 
and Yuheng Zhang effect contribute to thermoelectric power 
and Seebeck coefficient obviously; 4) Yuheng Zhang effect 
gives a new mechanism of electron-phonon interaction; 5) 
some crystalline defects and topological defects in materials, 
such as dislocations, Abrikosov vortices and so on, are often 
accompanied by a surrounding electric field and an electrical 
potential; 6) strain gradient can cause an electric polarization 
in dielectric materials; 7) the gravity induced electric field 

persists in the earth, which may be useful for earthquake 
research; 8) microscopic physical origin of flexoelectric effect, 
a challenge for more than half a century in the world, may be 
figured out by Yuheng Zhang equation, and the flexoelectric 
coefficients can be derived directly using this equation; 9) 
microscopic theory of shock polarization, another 
long-standing problem in the world, may be clarified in terms 
of Yuheng Zhang equation. In all, Yuheng Zhang equation 

offer people new understanding of electric properties of 
strained materials, and may find many application in 
multi-areas. 
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