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Dielectric magnetochiral anisotropy in triglycine sulfate
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Recently, we have predicted, solely on the basis of symmetry arguments, the existence of strong magnetochiral
anisotropy in the displacement current in chiral dielectrics and reported its experimental observation in chiral
ferroelectrics near their ferroelectric-paraelectric phase transitions [Nat. Commun. 13, 3564 (2022).]. Here, we
present a microscopic model that describes both direct and inverse dielectric magnetochiral anisotropy (AMChA)
in the chiral ferroelectric triglycine sulfate (TGS), based on the specifics of the charge movement in a time-
varying electric field. We predict a strong inverse dMChA in TGS that should be within reach of experimental
observation and we find good agreement between our model and the experimental observation of the direct

dMChA in TGS.
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I. INTRODUCTION

Chirality is vital in many areas of physics, chemistry, and
biology, where entities exist in two nonsuperimposable forms
(enantiomers), one being the mirror image of the other. Chi-
rality corresponds to an absence of inversion symmetry and
if time-reversal symmetry is also absent because of magneti-
zation or an external magnetic field, an entire class of effects
called magnetochiral anisotropy (MChA) becomes allowed.
Optical MChA corresponds to a difference in the absorp-
tion and refraction of unpolarized light propagating through
the chiral medium parallel or antiparallel to the field [1,2].
Initially observed in the visible wavelength range [3-5], its
existence was later confirmed across the entire electromag-
netic spectrum, from microwaves [6] to x rays [7]. MChA
was further generalized to other transport phenomena [8].
It was experimentally observed in the electrical transport in
bismuth helices [8], in carbon nanotubes [9], in bulk organic
conductors [10], in metals [11,12], in superconductors close
to the transition temperature [13], and in semiconductors [14]
as an electrical resistance R that depends on the handedness
of the conductor and on the relative orientation of electrical
current I and magnetic field B,

RP/EB,T) = Ry(1 4+ 7P/LB - 1), (D

with #2 = —p* referring to the right- and left-handed
enantiomer of the conductor. Electrical MChA should be
considered a generalization of chirality-induced spin se-
lectivity (CISS) which involves strong nonreciprocities in
spin-polarized electronic transport through very thin layers
or across the interfaces of chiral materials [15]. For a recent
review of this rapidly expanding field, see Ref. [16]. An-
other manifestation of MChA was recently observed in the
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propagation of ultrasound in a chiral crystal [17], further illus-
trating its universal character. Inverse MChA, a longitudinal
magnetization induced in a chiral medium by an unpolarized
flux, first proposed in the optical domain [18], and later for an
electrical current [19], has also been observed [20]. MChA
has become a prominent representative of the wider class
of nonreciprocal transport phenomena in broken-symmetry
systems, that play an important role in topological quantum
systems and in Berry phase physics [21]. For a recent review
of MChA, see Ref. [22].

Recently, we have claimed, using solely symmetry ar-
guments, that MChA should also exist in the displacement
current in chiral dielectrics, and have conjectured in partic-
ular that this type of MChA should be relatively strong near
the ferroelectric-paraelectric phase transition of chiral ferro-
electrics [23]. We have named this effect dielectric MChA
(dMChA) and have experimentally observed it in the chiral
ferroelectrics triglycine sulfate (TGS) and Rochelle salt (RS).
Quite surprisingly, dIMChA was found to be orders of magni-
tude stronger than any resistive MChA reported before [23].
No microscopic mechanism nor theoretical estimate for its
magnitude were given in Ref. [23]. In this paper, we will
present a microscopic model that describes both direct and
inverse dMChA in TGS. This model is found to be in good
agreement with the reported experimental values for direct
dMChA in TGS, predicts accessible values for inverse dM-
ChA in TGS, and provides the basis to understand dMChA in
any chiral dielectric.

II. MODEL

Insulating dielectrics when submitted to a time-varying
electric field E(r) will still carry a displacement current

©2022 American Physical Society
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density J(#) because of the movement of bound charges.
This displacement current density is given by J = P = ¢xE,
where P is the polarization density and x the permittiv-
ity. Similar to Eq. (1) we can write a general form for the
symmetry-allowed displacement current density in a chiral
dielectric subject to a magnetic field up to first order as

J = coxE( + 5y”'B - xE), 2)

where y P/ quantifies the dielectric MChA, now expressed in
terms of the current density. In the case of a periodic driving
electric field, Eq. (2) shows that the dMChA appears at the
second harmonic frequency of this driving field. AMChA can
therefore be quantified by the current anisotropy ratio g =
[J?*(B) — J>**(—B)]/J”B. Very large dMChA, of opposite
signs for the two handednesses of the crystals, was observed
in TGS with a magnetic field parallel to the polar b axis,
with values for g up to 1073 T~! at a frequency of 50 kHz,
which corresponds to values of y?/L up to 3 x 107> m?/T A,
at temperatures just below the ferroelectric-paraelectric phase
transition at 322 K [23]. Quite surprisingly, this value for
yP/L in TGS is several orders of magnitude larger than values
reported before for MChA in (semi)conducting materials [22],
which may open a road to practical applications of this effect.
Note that its existence is solely derived from symmetry argu-
ments and that it should therefore exist in all chiral dielectrics,
which represents an enormous materials class, of particular
interest in biological and pharmaceutical contexts.

When neglecting spin effects, to first order, the only mag-
netic field effect on charge movement is through the Lorentz
force, which is only effective for charge movements perpen-
dicular to the magnetic field, the latter being parallel to the
driving electric field for dIMChA. A chiral medium however
can support charge movements perpendicular to these fields,
as symmetry arguments tell us that a longitudinal magneti-
zation density will be induced in any chiral medium by a
time-varying electric field,

oE J¢
M = nP/t— =Pt =—, 3)
ot EoX
where n? = —n". Equation (3) is the generalization of in-

verse electrical MChA [19] to chiral dielectrics. The simplest
physical picture behind this formal symmetry argument is to
consider the chiral medium as consisting of helicoidal units
with their axis parallel to E. In this picture, charge movement
along E will be intrinsically accompanied by an azimuthal
charge movement around E. This azimuthal component in the
charge movement around the electric field then generates a
longitudinal magnetization. This electrically induced magne-
tization couples to the external magnetic field, leading to a
magnetochiral energy density difference
P/
AEycpa = —M-B=——-J B, 4)
&o0X
depending on the relative orientation of current and magnetic
field and on the handedness of the medium, exactly the char-
acteristics of dMChA. Equation (4) is general and will apply
to all chiral dielectrics. The modern theory for electrical po-
larization in general, and ferroelectricity in particular, is based
on a quantum-mechanical Berry phase formalism [24]. and a

general theory for AIMChA will probably also have to be based
on that. However, in molecular dielectrics, charges are quite
localized and a classical approach should be adequate. In the
following we will first present a specific classical microscopic
model for charge movement in TGS that allows us to calculate
AEycha- Subsequently, we will present a general thermo-
dynamic method based on the Landau-Ginzburg-Devonshire
model to translate AEycha into the current anisotropy
factor g.

The combination of chirality and ferroelectricity is by no
means exotic, as five of the ten polar point groups that sup-
port ferroelectricity are also chiral. The first ferroelectric ever
discovered, Rochelle salt, is chiral, and introducing chirality
is one of the approaches in the search for new molecular
ferroelectrics [25]. The most studied and widely used chiral
ferroelectric, TGS, is a so-called gyroelectric crystal [26], a
chiral ferroelectric where the handedness of its chirality is
coupled to the sign of the remanent polarization along the
polar axis, in this case the crystalline b axis [27,28]. This
remanent polarization, and thereby the handedness of the crys-
tal, can be reversed by an electric field parallel to this axis,
with a strength above the coercive field E.. TGS is most accu-
rately described as (NH; ™ CH,COOH), - NH; T CH,COO™ -
SO4%~ and is an order-disorder type ferroelectric. It is the
NH;"-C dipole of one of the two glycine cations that is
principally responsible for the ferroelectricity, the projection
of this dipole on the crystal b axis having two bistable opposite
values, as illustrated in Fig. 1. Switching between the two
polarities happens through a rotation of this dipole around
the a axis. This charge movement corresponds essentially to a
displacement of charge along the b axis, which is to first order
not influenced by a magnetic field B along the b axis, and
indeed no effect of such a magnetic field on the phase tran-
sition was detected [29]. The accompanying chirality-related
azimuthal charge movement around the polar axis, the exis-
tence of which was inferred above from symmetry arguments,
can be recognized in the transfer of the two H26 protons be-
tween neighboring glycine molecules [30] (see Fig. 1). Such
proton tautomerism is quite common in molecular crystals,
and has also been identified as the underlying mechanism for
ferroelectricity in some crystals [31]. This movement can be
approximated as a rotation of the H26 protons in the a-c plane,
over an angle of approximately A¢ = 120°, on a radius r
equal to the O-H bond length, i.e., r = 0.1 nm. In the para-
electric phase above the transition temperature, these protons
oscillate rapidly between the two glycine units but in the
ferroelectric phase they are mostly localized on one glycine
molecule, depending on the sign of the polarization/chirality,
and an external electric field can drive a partial transfer.
Such an induced movement of the H26 protons generates
a transient magnetic moment my parallel to the b axis. For
a periodic applied electric field E,(t) = E cos wt, with E <«
E. ~ 25 kV/m, and linearizing the response, we can estimate

2 AP E 2Ap JY

my = qor-— — = gr . 5
H=4q T E,. w eoxkE; )

This leads to the MChA energy density

2Ngr’A¢

JB = P/EJB, (6)
e Ee

AEMChA = —lea_}B = —
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FIG. 1. View of the two TGS lattice enantiomers with the corresponding two opposite ferroelectric polarizations P;.

where N is the H26 proton density (3 x 10’ m~3) and
P =—¢t.

In the above, we have assumed that the response to an
applied electric field of the NH3™-C dipole-H26 protons in
a given unit cell is independent of what happens elsewhere
in the crystal. This is clearly not the case close to the
ferroelectric-paraelectric phase transition, where the charge
dynamics becomes correlated over a large number of unit
cells. This is most evident from the value of the permittivity
close to the transition, which is orders of magnitude larger
than what would be expected for an ensemble of independent,
thermally disordered electric dipoles. Clearly, close to the
transition temperature, a correlation across many unit cells
exists in the charge movements and we can quantify this
through a correlation number C, given by the ratio between the
experimentally observed ac polarization and the theoretical
polarization of a dipole gas,

SQXE

¢ NPNEPN ’

(N

where py = 1.4 D is the NH3"-C dipole strength. In Ref. [23]
typical values of y &~ 1500 were reported close to 7, from
which follows that C ~ 10%. Much higher values of x
have been reported in TGS crystals with lower defect con-
centrations [29], implying even larger correlation numbers
in those crystals. This correlation will also manifest itself
in the MChA energy density which becomes AEpcha =
CeP/tjoB = P/LJB. For the TGS crystals used in Ref. [23]
we find a value for the inverse dMChA parameter £ &~ 3.5 x
1072 J/mT A. For comparison, the inverse MChA parameter
in the chiral semiconductor tellurium is experimentally found

tobe 6 x 107 J /mT A [20] and in the chiral metal CrNb;Sg
the maximum reported value is 3 x 107* J/mT A [32]. So
the predicted inverse dMChA in TGS is several orders of
magnitude bigger than any reported experimental value for
inverse MChA in (semi)conductors. This stems mainly from
the strong amplifying effect of the charge movement cor-
relation, expressed by the large correlation factor C. The
experimental observation of inverse dAMChA in TGS therefore
seems feasible.

The next step will be to calculate the effect of the MChA
energy density on the macroscopic polarization response of
the medium. For this we will consider the thermodynam-
ics of the ferroelectric-paraelectric phase transition which
can be described by the phenomenological Landau-Ginzburg-
Devonshire (LGD) model, which defines a Gibbs free-energy
density of the form

Giep(E, P,T) = Go + 5a(T)P* + §nP°

1 pp4
iBP + —EP,

®)

with «(T') = (T. — T')/D where D is the so-called Curie con-
stant and for a second-order transition, as the one in TGS,
B > 0[33]. We extend this model heuristically through the ad-
dition of the correlated MChA energy density defined above:
Gumcna = Girgp + £P/FJB. Although such an addition is not
a priori justified, it is considered valid as long as it respects
the symmetry of the problem [34], which is the case here.
The inclusion of this time-dependent additional term will be
valid as long as the frequency is much lower than the inverse
intrinsic relaxation timescale of the material’s response, which
for TGS is in the submicrosecond range [35]. We can therefore
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write the free energy for dielectric MChA as
Gucna = Grop + /" PB. ©
From the steady state condition dG/dP = 0 we obtain
E — g”"B = aP + BP? + yP°. (10)

We look for an approximate solution of this equation for
P through the ansatz P = P, + P(t), where P; is the static
remanent polarization, found from 9Gigp(E = 0)/dP =0,
assuming that P < P and retaining only terms up to P2. A
series expansion of the solution of the resulting quadratic
equation for P gives

5 E — weP'B 3 (E — wEP/LB)?
- o 16 P
9 (E — weP/tB)}
_(2# 4+ (11)
16 o3P?

As E(t) = E cos wt, P will have components at o, 2w, 3w,
etc. By collecting the second harmonic terms in Eq. (11) up to
the second order, we arrive at

3EwE

_ rp2w _ pPloo_ POR ~
g =[P™(B) — P (—B)I/P B_zoﬂPf'

12)

In the LGD model « = (gox) 'and with the experimental
values of P, = 1072 C/m?, x ~ 1500, w = 3 x 10° s7!, and
E =10 kV/m, and the result obtained above from our mi-
croscopic model for the inverse dAMChA parameter § & 3.5 x
1072 J/mT A, Eq. (12) predicts g =4 x 10~* T~! which is
to be compared with the typical experimental values reported
in Ref. [23] of g~ 5 x 10~* T~!. From the different ap-
proximations in the derivation of Eq. (12), an uncertainty
in the calculated result of 50% can be estimated, and the
agreement between calculation and experiment is therefore
satisfactory. From this agreement we can therefore conclude
a posteriori that our heuristic extension of the LGD model
is valid. The good agreement also automatically confirms our
calculation of the inverse dMChA parameter of TGS. Note
that the term w&”/LB in Eq. (10) plays the role of a dynamic
“magnetochiral” electric field. By defining the corresponding
magnetochiral polarization Pyicha = €0 x & wB we can rewrite
Eq. (12) in a more easily interpretable form as

3 P Pyvcha

= 13
2P K ()

g B

III. DISCUSSION

Our model therefore identifies the ratios between three
material factors that determine the direct dMChA strength:
the ratio between the electrically induced polarization and
the remanent polarization and the ratio between the magne-
tochiral polarization and the remanent polarization. Although
P? « Py, the collective charge dynamics close to the transi-
tion results in a very large value of C, and thereby of Pycha,

which means that Eq. (13) can still result in significant values
of g. Values for x» of 10°, up to frequencies of 100 MHz,
have been reported for TGS [36], suggesting that even larger
g values than those reported in Ref. [23] are possible in this
material. This would open the door to practical applications
of this effect, for instance, the possibility of a nondestructive
readout of a ferroelectric memory. Whereas the microscopic
part of our model is specific for TGS, the basic constituents,
expressed by Eqgs. (4), (10), and (13) will apply to all chiral
ferroelectrics, with material-specific values for ED/ L This is
supported by the observation in Ref. [23] of dMChA in an-
other chiral ferroelectric, Rochelle salt, albeit one order of
magnitude weaker than in TGS. Calculations of the strength
of dMChA in Rochelle salt and other chiral ferroelectrics will
have to be made on a case-by-case basis, depending on the
details of the charge movement in those materials. The mov-
ing charges may be electrons, protons, or even larger charged
entities. As proton tautomerism and large dielectric constants
corresponding to large correlation factors C are ubiquitous
in molecular ferroelectrics [31], we believe that many other
chiral ferroelectrics with similar AIMChA will exist. Although
dMChA is not restricted to ferroelectrics, our analysis shows
that its strength scales strongly with the value of the permittiv-
ity ., in particular for our model y?/* o x3, which suggests
that the experimental observation of dMChA in “normal” di-
electrics with typical dielectric constants in the range of 10-30
will be an experimental challenge. Taking advantage of the
linear frequency dependence of the anisotropy factor may be
a way to (partially) meet this challenge.

We have limited our model to diamagnetic chiral di-
electrics, as to our knowledge, no chiral ferromagnetic
ferroelectrics have been reported so far, with the exception
of helimagnetic ferroelectrics, in which the chirality resides
in a helicoidal spin structure [37]. In such media even larger
dMChA could be expected, the remanent magnetization in-
teracting strongly with the electrically induced magnetization
resulting in a large AEpcha. More subtle magnetoelectric
couplings will also contribute to the dMChA. Such materials
represent therefore interesting topics for further experimental
and theoretical studies.

In summary, we have presented a microscopic model for
direct and inverse dielectric MChA in TGS, and a general
thermodynamical approach to calculate direct AIMChA in any
chiral ferroelectric. The predictions of our model for direct
dMChA in TGS are in good agreement with recent experi-
ments and its prediction for inverse dMChA is within reach of
experimental observation.
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