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The symmetry breaking due to a magnetic ﬁeld applied on a hydrogen molecule H2
generates an electric polarization. This magnetoelectric eﬀect occurs for electrons in a
triplet state provided the magnetic induction ﬁeld is not aligned with the symmetry axis
of the molecule.
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1. Introduction
In the last few years, there was a revival for magnetoelectric eﬀects1 especially in
multiferroics2 or organics.3 Recently, magnetoelectric eﬀects were reported to yield
even realistic switching mechanisms in multiferroics.4
On the other hand, the energy levels of a hydrogen molecule in the presence
of an external magnetic induction ﬁeld were ﬁrst examined by Ramsey5 and for
superstrong magnetic ﬁelds, they were subsequently investigated by Lai et al.6 The
ground state as a function of an external magnetic induction ﬁeld was determined
by Detmar et al.7 and for superstrong magnetic ﬁelds by Ortiz et al.8 The proof of
stability of the hydrogen molecule was established by Richard et al.9 and the stability of molecular hydrogen in strong magnetic ﬁelds was investigated subsequently
by Beau et al.10 The eﬀect of the change of orientation of the external magnetic
induction ﬁeld on the hydrogen molecule was studied by Basile et al.11 using linear
combination of atomic orbital (LCAO) methods.
Here, we present what we believe is the simplest possible molecular model for
magnetoelectric eﬀect. This model is based on the spatial axisymmetry breaking of
a hydrogen molecule due to the presence of an external magnetic induction ﬁeld.
A hydrogen molecule consists of two atomic sites containing a proton each and
two electrons in a bound state around the atomic sites. In the absence of an
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Fig. 1.

Symmetries of the H2 molecule with two atomic sites (1, 2)

external interaction, the hydrogen molecule has a reﬂection symmetry and a rotation symmetry along the axis joining the sites. The hydrogen molecule H2 is
oriented such that it is axisymmetric with respect to the z axis and symmetric with
respect to the Πz plan, that is orthogonal to the z axis and contains the origin O.
The two atomic sites of the hydrogen molecule H2 denoted 1 and 2 are located on
the z axis at equal distance of the origin O, as shown in Fig. 1.
2. Magnetoelectric Eﬀect Generated by Symmetry Breaking
In this paper, we make use of the Born–Oppenheimer approximation.12 In that approximation, the sites are motionless and the distance between the sites is assumed
to be ﬁxed. Moreover, we only consider the case of electrons that are in a triplet
state. In such a state, the total spin of the electrons vanish, i.e. Ŝ = 0. Thus, we
need to consider only the spatial part of the state. The reﬂection operator Π̂z is a
unitary operator that satisﬁes the following property,
Π̂z = Π̂†z = Π̂−1
z .

(1)

Under the action of the reﬂection operator Π̂z , the z component of a vectorial operator changes sign, but the x and y components remain unchanged, and vice versa
for a pseudo-vectorial operator. Thus, under the action of Π̂z , the components of
the position operator r̂, of the momentum operator p̂ and of the angular momentum
operator L̂ transform respectively as,13
Π̂z r̂x,y Π̂z = r̂x,y

and

Π̂z r̂z Π̂z = −r̂z ,

Π̂z p̂x,y Π̂z = p̂x,y

and

Π̂z p̂z Π̂z = −p̂z ,

Π̂z L̂x,y Π̂z = −L̂x,y

and

Π̂z L̂z Π̂z = L̂z .
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In order satisfy the symmetries of the hydrogen molecule, the free Hamiltonian
Ĥ0 commutes with the reﬂection operator Π̂z , i.e.
[Ĥ0 , Π̂z ] = 0̂ .
In the presence of a constant external magnetic induction ﬁeld B, the interaction between the magnetic induction ﬁeld B and the orbital angular momentum
L̂ of each electron leads to a Zeeman eﬀect14 that is described by the interaction
Hamiltonian,




e
e
Ĥint = −
B · L̂ ⊗ 1l − 1l ⊗
B · L̂ ,
(3)
2me
2me
where me is the mass of an electron, e is the electric charge of a proton and the
tensorial product relates the single electron subsystems.
The commutation relation between the interaction Hamiltonian Ĥint and the
reﬂection operator Π̂z yields,


e 
e 
[Ĥint , Π̂z ] = −
Bx L̂x + By L̂y ⊗ 1l − 1l ⊗
Bx L̂x + By L̂y .
(4)
me
me
Thus, the interaction Hamiltonian Ĥint commutes with the reﬂection operator Π̂z
only if the external magnetic induction ﬁeld B is directed along the z axis. Otherwise, the reﬂection symmetry is broken. If the reﬂection symmetry is broken, there
is a resulting electric polarization P of the hydrogen molecule. Thus, a constant
external magnetic induction ﬁeld B that has a non-vanishing component along the
x or y axis generates an electric polarization P of the hydrogen molecule, which is
a magnetoelectric eﬀect.
3. Conclusion
Finally, we showed that an electric polarization P can be generated on an hydrogen
molecule by applying an external magnetic induction ﬁeld B that is not collinear
to the symmetry axis of the molecule. This is a simple yet elegant magnetoelectric
eﬀect that relies exclusively on symmetry breaking. The numerical estimation of
the electric polarization of the H2 would require an explicit computation using the
LCAO method,15 which extends far beyond the present work.
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