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In this Rapid Communication, we investigate the magneto-chiral dichroism (MChD) of right- and left-handed
CsCuCl; crystals in a strong magnetic field up to 14.5 T. We perform near-infrared optical measurements,
and the results show a change in the absorption coefficient of an intra-atomic d-d transition in a Cu** ion
at approximately 1.5 eV. The magnitude of MChD was found to be proportional to the magnetization, which
depends on the magnetic field and temperature. We verify this relation by developing a simple CuClg cluster

model.
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Symmetry breaking in materials is essential to optical
phenomena. Space-inversion symmetry breaking in chiral
media causes natural circular dichroism (NCD). When the
time-reversal symmetry is broken by a magnetic field or
magnetization, magnetic circular dichroism (MCD) occurs.
Further, if the space inversion and time reversal are simul-
taneously broken, nonreciprocal directional dichroism (NDD)
may appear. NDD is the variation in the optical absorption that
results from the reversal of the optical propagation direction.
NDD in a polar magnet is often referred to as an optical
magnetoelectric (OME) effect, while that in chiral media is
known as magneto-chiral dichroism (MChD). It has been
proposed that MChD originates from the correlation of NCD
and MCD [1]. The dielectric functions ¢ for right-handed
circularly polarized light and e_ for left-handed circularly
polarized light are respectively expressed by a function of
the z component (z is the direction of light propagation) of the
magnetization vector M, and the propagation vector k, as

£+ = &9 & ancok; £ BmcpM; + Ymchpk M. (D

The first experimental observation of MChD was reported
by Rikken and Raupach [2]. They also observed chirality-
dependent photochemistry with unpolarized light in a mag-
netic field [3]. Although MChD has been observed for several
materials in various frequency ranges [4-12], few studies
have investigated its quantitative temperature and magnetic-
field dependence [10-12]. Therefore, it would be of great
significance to conduct a detailed survey on the magnetic-field
and temperature dependence of MChD in order to verify
whether MChD is proportional to magnetization.

In this Rapid Communication, we focus on the chiral
antiferromagnetic material CsCuCl;. CsCuCl; undergoes a
structural phase transition at 7, = 423 K and a magnetic phase
transitionat 7y = 10.5K[13,14]. The space group of CsCuCl;
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above 423 K is centrosymmetric P63;/mmc. Below T, the
cooperative Jahn-Teller effect of Cu>* induces a distortion in
CuClg octahedra. The crystalline structure changes into a chiral
structure with space group P6;22 (right handed) or P6522
(left handed) [13]. The structure of right-handed CsCuCls is
shown in Fig. 1(a). CuClg octahedra are connected by sharing
a face to form chains along the ¢ axis. The elongated bond
direction is shifted by 60° between adjacent CuClg octahedra,
resulting in the chiral structure. Below 10.5 K, Cu®* spins
(S = %) form a helical magnetic structure of a screw axis
parallel to the ¢ axis [14], while a 120° spin structure is
formed in each triangular lattice in the ab plane. If a magnetic
field is applied along the c axis, the magnetization increases
slightly at Hy = 12 T and is saturated around 30 T [15,16].
This jump is caused by a metamagnetic transition from an
umbrella spin structure to a two-up-one-down coplanar one.
This metamagnetic transition is theoretically explained by
considering quantum fluctuation [17-19]. Despite the long
history of studying CsCuCl; [13-22], to date, the MChD of
CsCuCl;s has not yet been reported due to the difficulty of
growing a large homochiral crystal. The typical enantiopure
(composed of only left- or right-handed crystals) domain size
in a racemic (containing both left- and right-handed crystals)
twinned crystal is 10 wm order [23].

Enantiopure right-handed and left-handed CsCuCl; crystals
were grown in solutions of CsCl and CuCl, either by lowering
the temperature in a HCI aqueous solution or by the slow
evaporation of slightly acidified water [24]. Crystal orienta-
tions were determined by x-ray Laue photographs. Crystals
were cut perpendicular to the ¢ axis and ground into thin
plates. The thicknesses of the samples were 60 um (P6;22)
and 80 um (P6522). Figure 1(b) shows the experimental setup
of the optical absorption measurement in a magnetic field.
The CsCuCl; sample was put on a glass stage with a metal foil
mask that had a hole of the order of 1 mm?. These samples
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FIG. 1. (a) Crystalline structure of right-handed (space group
P6,22) CsCuCls. Cu* helical chains run along the c axis. This figure
was produced using VESTA [25]. (b) Schematic of the measurement
system. The directions of H and k are defined as shown. The direction
of light was reversed by changing the fibers, as shown by the dotted
lines.

were placed in a cryostat equipped with a superconducting
magnet. Then, unpolarized light from a halogen lamp was
focused on the sample, and the transmitted light intensity was
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measured by a spectrometer equipped with a CCD detector.
The propagation direction of light was switched between +c
and —c by exchanging the optical fibers. The magnetic field
was applied parallel or antiparallel to the propagation vector
of light. The MChD spectrum was derived by calculating the
differential absorption coefficient with the reversal of k or H.

The obtained spectra of MChD around 1.5 eV are shown in
Figs. 2(a) and 2(b). The sign of the MChD effect is dependent
on the magnetic-field direction and the crystal chirality. This
behavior is entirely consistent with the characteristics of
MChD, as shown in Eq. (1). The shapes of MChD spectra
for P6,22 and P6522 are slightly different from one another,
and this may be because of factors such as the inhomogeneous
thicknesses. Figure 2(c) shows the spectrum of the absorption
coefficient « at zero magnetic field. The magnitude of MChD
Aa/a at 1.5 eV is 0.3% per 1T. Figure 2(d) shows the
magnetic-field dependence of MChD at 1.5 eV. The MChD
signal is proportional to the magnetic field at 15 K (blue
circles). In contrast, a small step can be observed between
12 and 13 T at 4.2K (red circles). It is noteworthy that
CsCuCl; undergoes a metamagnetic transition at around
12 T, as shown by the solid line. The similar magnetic-field
dependence implies that MChD should be proportional to the
magnetization. The magnetic-field dependence of MChD in
P6522 crystal is shown in the Supplemental Material [26].

H|Ek|c P6,22 hv=15¢eV
T35 T T T T T MU ™4 0.5
| . .
£l @ Metamagnetic :
= Transition : 1 oa &
't 25 ;: Oé
= : 03 &
I 20 | 103 8
e r S
+ s 3 S
= 4022,
=
+ 10k W
- ~
T ! 01 @
+ sk MChD 42K) e T e
3 MChD (I5K) e
| Magnctization (B K)
O Il Il Il Il LN Il 0
0 2 4 6 8 0 12 14
Magnetic Field [T]
Hl|kl|c P6:22 hr=15¢eV
35 T T T T ™ 0.5
=
&
)]
=
o
22
g
=
=
=
10 |- @
{01 Q
5L MChD (14T) e =5
136xM (0.1 T)
: M (14 T)
0 in Il Il Il Il 0
0 10 20 30 40 50

Temperature [K]

FIG. 2. H-odd component of absorption coefficient change, which is attributed to the magneto-chiral dichroism. (a), (b) Magnetic-field
dependence of MChD spectrum, in (a) right-handed and (b) left-handed CsCuCl; at 4.2 K. (c) Absorption spectrum of CsCuCl; at 4.2 K. (d)
Magnetic-field dependence of MChD at 1.5 eV and magnetization of CsCuCl; at 3 K [17]. (e) Temperature dependence of MChD at 1.5 eV
and magnetization of CsCuCl; at 14 T [17] (green line). The blue line shows M at 0.1 T.
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FIG. 3. (a) Energy levels of d orbitals of Cu®* ion in CsCuCl;.
These energies are determined by a Gaussian fitting of the optical
absorption spectrum. (b) Spin configuration of the initial state.

Figure 2(e) shows the temperature dependence of MChD at
around 1.5 eV and the M-T curve at 14 T. The MChD curve
at around 10 K shows a cusp at Ty. The peak magnitude of
MChD is larger than in other reported paramagnetic media in
the near-infrared region [6,7]. The value of MChD above Ty
fits the M-T curve at a weak magnetic field of 0.1 T (blue line).
We conclude that MChD should be scaled to the magnetization
in the paramagnetic state.

Nonreciprocal directional dichroism including MChD is
generally understood as an interference between electric dipole
(E'1) and magnetic dipole (M 1) transitions resulting from spin-
orbit coupling (AL - S) [27-29]. Figure 3(a) shows the energy
diagram of Cu*" 3d orbitals in an elongated CuCls octahedron
in the hole picture [30]. The wave function of the initial state
|g) is expressed as

0 _i2 . 0 i?
|g):cos§e 2|s¢)+s1n§e Z]s,). 2)

Here, |s4) (|s,)) is the wave function of the spin (anti)parallel to
the ¢ axis. The spin s oriented in the direction defined by angles
0 and ¢ [see Fig. 3(b)]. The macroscopic magnetization M (||
c) is calculated as M = Ngupg(cos0)/2, where N is the den-
sity of Cu”" spins, g is the g-factor, and y p is a Bohr magneton.

Let us consider the excited states |e;) and |ey). If the
effective magnetic field is zero, these states would be at
the same energy level as those by Kramers degeneracy.
The magnitude of MChD Ac, for the transition to |ey) is
calculated as

Aay o | (ey|Her +Hanlg) P — | {er|Her — Hulg) P
= 2(glHumiler) {ey|HEe1lg) +2(glHE1ley) {erHalg)
= 2(1 + cos O)Re((s1|Hu1ler) {ey|HEerlsy))
+2(1 — cos0)Re((s, [ Huiler) (er|HErlsy))
+2sin@ Re(e'? (s [Hailey) (er|HErlsy))

+25sin6 Re(e™*® (syHumiley) ey HEerlsy)). 3)
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FIG. 4. H-even component of absorption coefficient change
Adeven, Which is regarded as the Cotton-Mouton effect. (a) Adteyen
spectrum with H = 1-14 T (color lines) and absorption coefficient
(black line). (b) The magnetic-field dependence of the H-even
component at 1.55 eV (red circles). The green curve shows the square
of the magnetization M?. (c) Temperature dependence of the H-even
component at 1.55 eV (red circles). The temperature dependence of
M? is also drawn as a green line lower than 15 K. Blue lines show the
temperature dependence of M? at 0.1 T to estimate the M>-T graph
in the paramagnetic phase.

These calculations are described in detail in the Supplemental
Material [26]. Because CsCuCl; has an incommensurate
spin screw around the ¢ axis below Ty, the summation of
MChD for all of the Cu atoms is equal to integrating ¢:
0 — 2m. Because the latter terms of Eq. (3), which contain
¢, cancel out, Aay is written as the linear expression of cos 6.
By substituting A = 2Re({s4|Hum1les) {(e4|HEg1lsy)) and B =
2Re((sy|Humiler) (er|HEerlsy)), Aoy is simplified as

Aoy o< (1 +cosf)A + (1 —cosb)B
=(A+ B)+ (A — B)cos#b. @)
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les) is converted to another excited state |e;), which is
separated from |e;) by Zeeman splitting. Introducing the
time-reversal operator T' (T |ey) = —|ey ) and T |e|) = |ey)),
the transition from |g) to |e;) can be transformed as

(e [HEr + Hunlg) = (e IT T (Her + Hu)T 3T g)
= (ey|Her — Hanlg') - S

Here, |g") (=T |g)) is the wave function of the time-reversed
initial state. The conversion from |g) to |g’) is equivalent to
coordinate conversion, 8 — & — 6, ¢ — 7w + ¢. The sign of
‘Hun is inverted by applying the time-reversal operator. The
sign of A« (the magnitude of MChD for the transition to |e| ))
should also be inverted because it consists of products of E'1
and M1 terms. Ax can be described as

Aoy < —{(A + B) + (A — B)cos(m — 0)}
=—(A+ B)+ (A — B)cos#f. 6)

If the Zeeman splitting is sufficiently small, the magnitude of
the total MChD can be written as

Aoy + Aay < 2(A — B)cost oc M. 7)

Here, an incommensurate conical magnetic order is assumed.
It appears that the correlation between M is retained in the
paramagnetic phase or the coplanar magnetic phase because
the distribution of ¢ is uniform. The terms in Aoy and Ay,
including ¢, may be canceled out. If |e) is composed of a single
quantum state represented by a real function, MChD would
not appear because the products of E1 and M1 transitions,
such as (sy|H1ler) (e4|HEg11s4), would be purely imaginary.
Considering the space-inversion operator, it can be explained
that the signs of MChD in P6;22 and P6522 crystals are
opposite to each other.

Apart from the magnetic-field-odd MChD effect, another
optical effect even to the magnetic field was also observed.
The even magnetic-field-modulated component Adeve, Of the
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absorption coefficient can be calculated by

a(H, +k)+a(H, — k)
2

AQeven(H) = —a(H=0). (¥
Figure 4(a) shows the spectrum of Adeyen(H) in left-handed
CsCuCls. The Adeven spectrum of right-handed (P6,22)
CsCuClj; is shown in the Supplemental Material [26]. There is
a peak at 1.55 eV, while the peak of the absorption coefficient
spectrum is at 1.5 eV. The Adeyen spectrum is clearly
different from the differential of the absorption spectrum
da/dw, and this deviation suggests the presence of another
energy level. This component is always negative without
depending on the signs of k or the chirality of the sample.
The magnitude of Acweye, is proportional to the square of
the magnetization [Fig. 4(b)]. The temperature dependence
does not agree with the M>-T curve over Ty. The Adeyen
effect is related to the Cotton-Mouton effect. However, the
sign of the Cotton-Mouton effect cannot be reversed by space
inversion or the time-reversal operation. This property is
consistent with Adeyen. The second-order perturbation of the
magnetic field between excited states, which is irrelevant to the
magnetization, may be related to the Cotton-Mouton effect.

In conclusion, the magneto-chiral dichroism of CsCuCl;
was successfully observed. The MChD signal of 0.3% per T
was larger than has been reported to date in the paramagnetic
phase at the near-infrared region. The magnitude of MChD was
proportional to the magnetization regardless of the magnetic-
phase transitions. This behavior was explained using a simple
CuClg cluster model.

This work was performed using the facilities of the
High Field Laboratory for Superconducting Materials, In-
stitute for Materials Research, Tohoku University (Project
No. 16H0023). This work was supported by JSPS KAK-
ENHI Grants No. JP25220803, No. JP16H01065, and
No. JP26800167.
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