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The chirality-asymmetry macroscopic force mediated by light pseudoscalar particles between a-quartz and some

achiral matter is studied. If this force between achiral source mass and a-quartz with some chirality is attractive, it will

become repulsive when the chirality of the a-quartz crystal is changed. According to the tested limits of the coupling
constant gsgp/fic < 1.5 x 10724 at the Compton wavelength A = 1073 m, the force (F) between a 0.08 x 0.08 x 0.002 m3
block of a-quartz and a 0.08 x 0.08 x 0.01 m? copper block with a separation being 0.5 x 103 m in between, is estimated
from the published data at less than 4.64 x 10724 N, i.e. F < 4.64 x 10724 N.
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1. Introduction

New interactions are considered to be mediated
by most light particles!”) Especially, the axion is hy-
pothesized as the best candidate of dark matter. How-
ever, it is still very difficult to detect and so no abso-
lute result on it has been acquired as yet, although one
has been exploring it ever since it was proposed.??!
Its interaction with matter was discussed and the ra-
tio of the force to the gravity is given in Ref.[4], where
the chirality of matter and the chiral approach were
mentioned. Motivated by these studies, we study the
interactions due to the exchange of axions between chi-
ral matters and the relationship between the macro-
scopic force induced by such an interaction and the
chirality of matters. Left-handed or right-handed ma-
terials have distinct geometrical configurations, chi-
ralities of matter.l®) And the chirality is a key feature
of materials, which can cause different properties of
materials.[® If a chirality-dependent interaction ex-
ists, there may appear different attractions between
chiral matter and the same achiral source matter. Fo-
calized spin-dependent interaction mediated by light

2] Tt can induce a macro-

scalar particles is such a one.
scale force between a chiral material and an achiral
body.

This force possesses various features, in which the

following scalar—pseudoscalar coupling potential be-

macroscopic force, a-quartz, pseudoscalar, chirality

tween fermions is of much account:!?!

V(r) = 228 ) by, + )

4dmmac r r

where g5 and g, are the scalar and the pseudoscalar
coupling constants respectively, o is the Pauli matrix,
ms is the mass of fermion at the pseudoscalar vertex,
mg is the mass of medial boson and r is the distance
between two particles. Generally, nucleons are consid-
ered to appear at the scalar vertex and electrons reside
at the pseudoscalar vertex.!! Several experiments us-
ing spin-polarized test masses have been conducted to

(23] In

determine the magnitude of the coupling gsgp.
this type of experiment, if a chirality-dependent po-
tential exists, the coupling gsg, would be eclipsed by
strong polarization effects of the matter. The poten-
tial (1) would vanish, for the sum of the particle spins
in zero-polarizing matters is zero.

Comparing the interaction (1) with the interac-
tion inducing the rotatory power of matter yields a
heuristic idea. In fact, the rotatory power of a chi-
ral material is a secondary quantum effect in the non-
relativistic limit.[®! Therefore, we anticipate that the
potential (1) may give a finite macroscopic chiral force
in considering the practical environment of electrons.

We show that a macroscopic chiral force between
a copper block and a block of a-quartz can be de-
termined by the potential (1) with the correction of
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spin—orbit interaction. We estimate the force be-
tween a 0.08 x 0.08 x 0.002m? block of a-quartz and a
0.08x0.08x0.02m? copper block with a separation be-
ing 0.5 mm in between, for the Compton wave length
of the mediatory particle A = 1072>m. According to
the tested limit of production of the coupling constant
gsgp/he < 1.5 x 10724 and other published data, the
upper limit of the force is about 4.64 x 10724 N. The
remainder of the present paper is organized as follows.
In Section 2 the chiral potential is described. In Sec-
tion 3 the chirality-asymmetry macroscopic force is
estimated. Finally, the conclusions drawn from the
present study is given in Section 4.

2. Chiral potential

a-quartz is a chiral crystal composed of ions and
valence electrons. Copper block is comprised of Cu
ions and common electrons. Assume that a copper
block has N nucleons and a block of a-quartz possesses
M primitive cells each of which has m valence elec-
trons. We study the geometrical configuration shown
in Fig.1. A coordinate is so arranged that its origin is
located at the mass centre of the copper block and its

z-axis points to the mass centre of the a-quartz.

|
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Fig.1. Geometric configuration of the test mass a-quartz
(right) and the attractive mass copper block (left). The
origin of the coordinate system is situated at the mass
centre of the copper block.
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In the coordinate system, 7 is the position vector
of the mass centre of the a-quartz, r; is the position
vector of the centre of the ith primitive cell in the a-
quartz, 7 is the position vector of the kth electron
in the ith cell, r; is the position vector of the jth
nucleon in the copper block ry; is the displacement
vector from the jth nucleon in the copper block to the
kth electron in the quartz and 7y; is its corresponding
unit vector. Moreover, we suppose that the a-quartz
crystal is a Z-cut one. In this configuration, the inter-
action potential between nucleons of the copper block
and the electrons of the block of a-quartz is

N M hak T‘kj 1 T

Vo0 Y305 B (o e,

j=1i=1 k=1 J
(2)
and we can write the following vectors: ry; = r; —
r; =ro+ri+ri—r; and vy = ri+ry = ro+T0i+ Tk,
where 7, is the displacement vector from the centre
of the i¢th primitive cell in the a-quartz to the kth
valence electron in the same cell.

Particle systems in crystal are described by wave-
functions satisfying the Schrédinger equation.”) When
we care only the behaviour of valence electrons, the
system can be studied in the adiabatic approxima-
tion as done in most literature.® Let |W¥g) be the
wavefunction of the valence electron system in o-
quartz, the matrix element of potential (2) surely has
(6| V | W) = 0 due to the zero total magnetic mo-
ment of the block of a-quartz.

The Hamiltonian of the spin—orbit interaction of

valence electrons is V! = — Y~ >~ py - B(ry), where

i is the spin magnetic mome;t of the kth valence
electron and B(ry) is the magnetic induction at the
position of the electron. The spin—orbit interaction V'
And the
matrix element of the potential (2) is corrected into

corrects the system wavefunction into |¥).

the following form:

B(ry) | ¥n)

1
< Lt >’””kf|%>+s, (3)
T'kj k]

where | ¥,,) is an eigenfunction corresponding to the energy F,, and it is perpendicular to | ¥y). S is the sum of

the chirality-independent terms.
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a-quartz crystal has either the left-handed or the
right-handed lattices transformed reciprocally under
A state vector |¥), of a left-
handed crystal will be transformed into a state vec-
tor |¥), of a right-handed crystal under the reflec-
tion P as |¥), = P|¥),.
transformations of position vectors, spins and mag-
netic fields into Pry; (ryP~1 = — i Pop,P7 ! = oy
and PBP~! = B respectively. So if potential (3) is

nonzero, it will be transformed into

the space reflection.

The reflection induces also

AT\ V()| ®), =, (¥| P PV(r)PIP| W),
(@] PV (r)P~H W),

—(EV(r)[¥),. (4)

It means that potential (3) is chiral, which will take
the opposite values for left-handed and right-handed
crystals.

The distance r;; from the centre of the ¢th prim-
itive cell to the kth electron of the cell is only on a
microscopic scale, while the distance rg between the

(U V(r)|¥) =

—Tij My

mass centres of the copper block and the a-quartz
crystal is on a microscopic scale. Thus the inequal-
ity ri < ro holds true. The wavefunctions | ¥p) and
| #,,) describing the system of valence electrons in a
block of a-quartz crystal are of translation symmetry.

Noticing these facts, we can prove the equation

] =

. 1 \ e Tik™Me
(Unl p_(ok - Pjx) | My + — | ———[V0)
k=1 ik /o Tik
N -
1\ e Tiime
Z Ok - le) (m<p+ —>72 |Lp0>
Tji T5i

The product of matrix elements in Eq.(3) can
be simplified by adopting the single electron
approximation.”) The single-electron wavefunction is
the product of its orbital wavefunction |¥) and the
spin wavefunction |m). Therefore, we can rewrite
matrix (3) by using the equality (o - A)(o; - B) =

A-B +io;- (A x B)M as follows:

Re 3 (tia| e [s0) (ol B(r) )

91921 e~
27mo cZZ m¢+—

Jj=11i=1

where |¢ko) and |t ) describe the initial and the final
states of the kth valence electron in the ith primitive
cell respectively.

3. Estimation of the force

Now, we estimate the chirality-dependent term
in potential (3) according to the published experi-
mental or theoretical data. Let an electron be in a
valence band initially and then jump into a conduc-
tion band due to a transition induced by the ma-
trix elements of expression (3). The measured en-
ergy gap of a-quartz is about 8.3eV with neglecting
a small difference between the X-cut quartz and the
Z-cut quartz. The measured lower energy transitions
There-

10eV for a rough es-

is 10.4€eV as previously reported in Ref.[10].
fore, we can take (Ey — E,) =~
timation. We can take the energy split due to the
spin—orbit interaction as the value of the matrix el-
ement {Wo| s, - B(ry)|¥,) approximately!'!) whose
value can be obtained from published theoretical cal-

culations that (¥y|py - B(ry) |¥,) ~0.01eV.[1? So,

. (6)
oy Eyo — Ein

we have the estimation

! (ol Bl [9) 107 (1)

(EO - En

Microscopically, a-quartz is built up of linked tetrahe-
drons each of which is composed of one Si atom and
four O atoms. The Si atom stays at the centre of the
tetrahedron and the O atoms all reside on the corners
of the tetrahedron. The lattice of a-quartz is a trig-
onal Bravais lattice with the translational vectors as

follows:[13]
1 ~1/2 0
ti=ao [ 0|, ta=ao | V3/2 |, ta=co| 0
0 0 1

(8)
The lattice constants were determined experimentally
as ap = 4.89 A, and ¢o = 5.375A (1 A=0.1nm).["2

In potential (6), the detailed expression of the
sum of the products of matrix elements for valence
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electrons in a primitive cell is

_ (Yrn| ik [Yro) (Vro| B(Tk) [Yrn)

NE

Eo— E,
k=1

= g ol ) (ol B )
+ (Wl iy [920) (W0l By (1) )
+ (Pon| rike | o) (Vro| Bz (Tk) [Yrn))- 9)

Magnetic induction in the above expression has the
symmetry of D3 group. A primitive cell of the a-
quartz crystal is shown in Fig.2(a), where a trigonal
coordinate (1, ta, t3) combining translational vec-
tors t1, to, t3 is adapted. In the coordinate, the cen-
tre of a primitive cell has coordinates (1/2, 1/2, 1/2),
which is also the starting point of the displacement

‘\

]
7
LA

vector 7, of a valence electron in the primitive cell.
For each primitive cell, there are four tetrahedrons
whose centres lie on the boundary of the primitive cell.
Their coordinates of centre are (1, 1/2, 0), (0, 1/2, 0),
(1, 1/2, 1) and (0, 1/2, 1) separately. They are su-
perposable on each other by shifting some translation
Each tetrahedron has four bonds distribut-
ing separately in four neighbouring primitive cells. In

vectors.

other words, each of these tetrahedrons contributes
one bond to a primitive cell. Otherwise, the cen-
tres of one pair of tetrahedrons, (1/2, 0, 2/3) and
(1/2, 1, 2/3), are in the interfaces of primitive cells.
Each tetrahedron contributes one pair of bonds to the
primitive cell. There is an individual tetrahedron that

contributes four bonds to the primitive cell, whose
centre is at (1/2, 1/2, 1/3).

Fig.2. (a) Primitive cell of a-quartz crystal in the trigonal coordinates and each grey tetrahedron is

composed of one Si atom in the centre and four O atoms on the corners and (b) the efficient bonds

or valence electrons contained in a primitive cell, where the bigger solid circle represents Si atom, the

smaller one denotes O atom, and the line connecting them refers to a bond.

Altogether, each primitive cell contains twelve
bonds or twenty-four valence electrons as shown in
the Fig.2(b).
respect to the centre of primitive cell.

These bonds are not symmetrical with
So, matrices
of the displacement vector r;; of valence electron will
not counteract with each other. Otherwise, the centres
of the four tetrahedrons on the boundary of a prim-
itive cell are symmetrical with respect to the centre
of primitive cell. And the centres of the two tetrahe-

drons in the interfaces are symmetrical with respect
to the point (1/2, 1/2, 2/3). These symmetries will
depress their contribution to potential (6). We chroni-
cally describe the depression by introducing the asym-
metry factor x less than 1 in the sum (11).' With
the asymmetry factor, we can calculate only the ho-
mogeneous part of the magnetic field in a primitive
cell approximately as
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[{¥rol B (k) [$rn) | = [(rol By (T5) [¢kn)]

(ko Ba () [xn)]
== ltnol B ).

And expression (9) can be written as

1 N
5 Z EO+E [(¥ko| B [¢rn)| (|(Yn| rika [¥r0) ]
k=1 "

+ (Y| Tiky [Vro)| + [(Vrnl Tikz [Pro)])- (10)

The module |(¥gn| Tika [Y¥ro)| of the kth valence elec-
tron can be taken approximately as the distance be-
tween the centres of the tetrahedron and the i¢th prim-
itive cell, where a = x, y, z. For valence electrons in
the tetrahedron whose centre is located on the bound-
ary of primitive cell, we can take [(Vgn| ik [Vro)| =
ao/2, [(Ykn| Tiky [Yro)l = 0 and [(rn|Tik= [Yro)| =
co/2.'% Modules of matrices of valence electrons in
the tetrahedron centred at interface can be taken as
[(Yrn| Tika (Yo}l = 0, [(Yrn| Tiky [Yro)| = ao/2 and
[{(Ykn| Tikz |¥ro)| = co/6. A valence electron in the
tetrahedron within a primitive cell has the nonzero
module [(n| ik |Yr0)| = co/6.

Finally, the sum of matrix products in expres-
sion (10) for valence electrons in a primitive cell be-
comes 2.5 x 107'2y. Some theoretical and exper-
imental results concerning the chirality phenomena
give the magnitude range of the asymmetry factor as
1075 < x < 10~2.13] Without loss of generality, we
take ¥ = 1073 in estimation. After comprehensive
analyses of all these results, from potential (6) we can

obtain
g192h e T
V = — I I
0SS (e )
7j=11i=1 ﬂ
x 2.5 x 10715, (11)

The problem about the axion mass and the cou-
pling gsgy, is still an open one. We carry out a measure-
ment of potential (6) practically to determine the dis-
tance between test mass and source mass, comparable
with the axion Compton wavelength.[*®! Let the di-
mensions of the copper block and the block of a-quartz

be 0.08 x 0.08 x 0.01 m? and 0.08 x 0.08 x 0.002m? re-
spectively. The distance between the copper block and
the a-quartz is 0.5 x 1073 m and the interaction range
(axion Compton wavelength) is 1073 m. The interac-
tion force between the copper block and the a-quartz
crystal, F,, can be calculated to be 9.78 x 102°g; go,
ie. F, =9.78 x 10*°g1go according to potential (11).
The limit of the tested production of the coupling con-
stants is g1g2 < 1.5 x 10~2*%ic for A = 10~3m.D! So,
the magnitude of the force is less than 4.64 x 10724 N.
And the ratio of the force to the gravity for the cop-
per block and the vessel of homochiral molecules is less
than 1.2 x 10~1°
given by Pospelov in Ref.[4].

, which is consistent with the result

4. Conclusions

The scalar-pseudoscalar coupling mediated by
light bosons can induce a long-range chiral force be-
tween a block of a-quartz and a copper block. The
force F between a 0.08 x 0.08 x 0.002m? block of a-
quartz and a 0.08 x 0.08 x 0.02m? copper block with
a separation being 0.5 mm in between, for the Comp-
ton wavelength of the mediatory particle A = 1073 m
is estimated with the published data as less than
4.64 x 10724 N, i.e. F < 4.64 x 10724 N. Best equip-
ment to detect the force with this magnitude is based
on the torsion balance. At present, the resolution is
achieved to be about 1076 N - m.['¥ The measurable
magnitude of the force by a torsion balance with an
arm length of 107! m is 107'® N. The magnitude of
the force between a block of a-quartz and a copper
block is far lower than the measurable one at present.
There must exist many influencing factors which will
disturb its detection. But we can confirm that such
a force caused by axion is macroscopically chirality-
dependent. At present no other force is found to be
macroscopically chiral. So some day when the mea-
surement accuracy of torsion pendulum reaches the
required one, we can discriminate such macroscopic
chirality-dependent force from other influencing fac-
tors.
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