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Magneto-optical spectra of an organic antiferromagnet as a candidate for an altermagnet
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We have measured the magneto-optical Kerr effect (MOKE) in an orthorhombic organic antiferromagnet
k-(BEDT-TTF),Cu[N(CN),]Cl (k-Cl), which is a candidate for an altermagnet. From the Maxwell equations,
we derived matrix-type general formulae describing the optical propagation and reflection for arbitrary crystals.
These formulae enabled us to correctly measure and obtain the off-diagonal optical responses of x-Cl. The
MOKE of «-Cl appeared at around the Néel temperature and exhibited a nonlinear field dependence in the
antiferromagnetic phase. This nonlinear field dependence eliminates a simple origin due to the net canted
magnetization. The obtained off-diagonal optical conductivity spectra for the entire w-electron band clearly
show three features. One is the large peaks at the spectral ends due to the magnetic origin with the large
energy scale compared to the very small spin-orbit interaction in «-Cl. The others are the middle region spectra
proportional to the diagonal conductivities, possibly related to the symmetric piezomagnetic effect and the
standard antisymmetric origins. These results suggest the altermagnetic response of «-Cl. We also discuss the
analogy between the magnetization in ferromagnets and the net magnetization and Néel vector with respect to

the magneto-optical configurations.

DOI: 10.1103/nnz3-tq7y

I. INTRODUCTION

The anomalous Hall effect (AHE) is originally a phe-
nomenon in which the electric current curves when macro-
scopic magnetization occurs. The typical origin has been
quantum theoretically understood by the Berry curvatures or
magnetic monopoles (anticrossing bands) in the momentum-
space caused by the spin-orbit coupling (SOC) [1,2]. Such
generalizations and simple understandings generate new
physical insights. The spin-orbit interaction and macroscopic
magnetization are not necessary for the spontaneous cur-
rent bending. Magnetic monopoles in k space can emerge
not only due to SOC, but also due to scalar spin chirality
[3]. In addition, macroscopic magnetization is not required
if the time-reversal symmetry is broken. For example, frus-
trated noncoplanar spins can cause a nonzero net scalar
spin chirality without net magnetization [4]. Furthermore,
coplanar spins can also break the time-reversal symmetry
[5-8].

In recent years, several groups [9,10] have proposed that
AHE or magneto-optical Kerr effect (MOKE) can appear
even under a complete antiparallel spin order without net
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magnetization. Such collinear antiferromagnetic (AF) mate-
rials have sk.k,-type spin-splitting bands and are classified
as altermagnets [11,12], where s and k are spin and wave
number, respectively. Altermagnet is different from the stan-
dard antiferromagnet with the identical up and down spin
bands. Therefore, the term sk.k, is considered as the order
parameter of the altermagnet. The altermagnets are expected
to show interesting phenomena and properties such as new ef-
ficient spin current sources [13,14] and piezomagnetic effects
[15,16] and have therefore attracted attention in recent years
[11,17]. The altermagnetic spin band splitting, as well as the
spin current generation and piezomagnetic effect, can appear
without relativistic spin-orbit interactions, which is advanta-
geous for applications. However, except for the topological
origin with noncoplanar spins [18,19], the SOC is neces-
sary for the emergence of AHE/MOKE [20]. sk,k,-type spin
bands have been observed in some materials such as MnTe
[21] and RuO, [22] by x-ray magnetic circular dichroism
(XMCD), which detects the same symmetry as AHE/MOKE,
and both theory and experiment reveal the spin-band split-
ting characteristic of the altermagnetism. On the other hand,
MOKE is able to determine the off-diagonal optical conduc-
tivity usually in infrared and visible light regions, which is
directly related to the transport properties. Therefore, MOKE
is expected to reveal magnetotransport properties of altermag-
nets in a complementary way to XMCD. In this study, we
have experimentally revealed the magneto-optical spectra of
k-(BEDT-TTF),Cu[N(CN),]Cl (x-Cl), a candidate organic
altermagnet for which these effect have been discussed from
the earliest stage [9,13].

Published by the American Physical Society
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FIG. 1. (a) Crystal structure of the interlayer structure viewed from the ¢ axis. (b) Conduction layer in «-Cl. Ovals and arrows represent the
dimerized BEDT-TTF molecules and spins at the dimer in the canted antiferromagnetic phase, respectively. The broken lines represent glide
mirror planes perpendicular to the c(x) axis, which is lost by AF spin ordering. (c) Temperature dependence of static magnetic susceptibility in
H||b (perpendicular to the conduction layer) at 0.5 T [63]. The sudden increase of the susceptibility at 25 K shows the canted antiferromagnetic

transition. The x, y, and z axes corresponding to the ¢, a, and b axes are shown in (a) and (b), respectively.

k-Cl has a quasi-two-dimensional layered structure in
which the layer of BEDT-TTF molecules responsible for
conduction and the monovalent anion layers are stacked alter-
nately as shown in Fig. 1(a) [23]. The BEDT-TTF molecules
dimerize, and hole carriers existing in the dimer orbital are
strongly correlated, resulting in the phase transition from
paramagnetic metal to antiferromagnetic dimer-Mott insu-
lator at about 25 K [24-26] [as shown in Figs. 1(b) and
1(c)]. In this AF phase, the Dzyaloshinsky-Moriya interaction
works between the spins since there is no inversion center
between the two dimers, resulting in the spin-canted AF state
[26] [Fig. 1(b)]. This spin canting component causes a small
macroscopic magnetization (0.003 pg/dimer), as clearly seen
in Fig. 1(c).

To explain why «-Cl is a candidate altermagnet in this AF
state, we will use Table I. Table I shows the character tables
of (a) the point group C,, as a minimum model [27,28] and
(b) the magnetic point group C;, (m’'m?2"), which correspond
to the paramagnetic and an AF phases with canted spins along
the y(a) axis in «-Cl, respectively. Due to the AF spin order,
the glide symmetry shown by the broken lines in Fig. 1(b)
was lost, which corresponds to the change in the symmetry

operation from m, in Cy, to Tm, in C;, [29]. The c(x) axis
is the easy axis of the AF spins drawn as blue and orange
arrows in Fig. 1(b). These antiparallel spins, i.e., the two
spin sublattices, are interchanged by a half of the symmetry
operations, Tm, and m,. This spin-sublattice segmentation
corresponds to the irreproducible representation (irrep) A, in
C},,» where the characters of Tm, and m, are —1 and the basis
M) belongs to. The symmetry of My, is the same as the
(x component of) Néel vector in this system. Since m, can
be devided into the multiplication (Tm,)(TC,;), the subset
{Tm,, m,} = (T'my)H, where H = {E, TC,.} is a normal
subgroup and interchanges the spins within the sublattice.
Therefore, C,, = H + (Tm,)H.

The wave number terms k., k,, and k;, as well as mo-
mentum and velocity, i.e., the time derivative of x, do not
usually appear as bases. However, we have added these
terms for the sake of a rough explanation to grasp the
nature of altermagnetism and its relationship to related
phenomena.

In the AF phase represented by Table I(b), the products of
bases {M,, xy, kik,} in the one-dimensional irrep A, such as
M kik, and M,xy (A> x A,), belong to the totally symmetric

TABLE 1. Character table and basis of (a) point group C,, and (b) magnetic point group (C;, or m'm2’) with spin canting along the y
axis as represented by M, in the irreducible representation A;. Symmetry operations E, C,;, m and T represent identity, rotation, mirror, and
time-reversal operation, respectively. Cy, is a normal subgroup of D,,(= C,, x I) which corresponds to the overall crystal structure of x-Cl,
where I represents the space inversion. Because of omitting /, bases changing its sign with respect to /, such as x, y, and z, are not shown. The
coordinates (x, y, z) correspond with the crystal axes (c, a, b) as in Fig. 1, respectively. (k,, k,, k.) is considered a function with the same
symmetry as momentum, velocity, or electric current, i.e., the time derivative of (x, y, z), respectively. However, the product of ks, e.g., k.k, is
time-reversal even and belongs to the same irreproducible representation as xy. Since (a) Cy, is irrelevant to time-reversal operations, bases M
are represented with parentheses.

(a) Gy, E Cy, my m, Basis (b) C, E TCy, my T m, Basis
Ay 1 1 1 1 A, 1 1 1 M,
A, 1 1 -1 -1 (M) Xy kky A, 1 1 -1 -1 M, xy kk,
B, 1 -1 1 -1 (M) X k k. B, 1 -1 1 -1 X k.k,
B, 1 -1 -1 1 M) ¥z kyk; B, 1 —1 -1 1 M, vz kyk,
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FIG. 2. Schematic diagram of the optical system and signal analysis. Polar Kerr configuration of near normal condition. The crystal surface
is the ca plane [see Fig. 1(b)]. The incident angle averaged is estimated to be about 9°. The reflected light is modulated by PEM at frequency
f. Electrical signals are decomposed into the dc, 1f, and 2 f components by a lock-in-amplifier, and each spectrum is obtained by FTIR. The
two angles, Kerr rotation @k and ellipticity nx, correspond to the real (in-phase) and imaginary (90° delay) part of the ratio 8 /7,.

A irrep, in addition to M,. The same holds for the B; and B,
irreps. However, since M, is the largest spin component in the
AF phase of «-Cl, the basis products including M, belong-
ing to Ay x Ay(=A;) are larger than that for B, x By(=A;)
including M,. Therefore, M,k.k, and M,xy are the dominant
order parameters, i.e., magnetic octupoles [30,31], of alter-
magnetism and piezomagnetic effects, respectively. Since k
has the same symmetry as electric current j, the order param-
eter M,k.k, can be reconstructed as (M k,)k, ~ (syjc)jy =
(SxJjy)Jjx» where s, j.,) means spin current generated by the
electric current jy ), respectively. These spin currents will
show “symmetric” directional dependence in contrast to the
antisymmetric spin Hall effect, as theoretically suggested in
Ref. [13].

In this canted-AF state, Naka et al. [9] predicted that k-Br
[32], which has the same intralayer structure as x-Cl but has
a different stacking structure, can show the AHE due to the
altermagnetism at zero magnetic field (H). In «-Cl, the effect
cancels out between the two layers at zero field, but half of
the spins are flipped (rotated by 180°) during the spin flop at
about 0.4 T in H||b [25,26], so all the spins reverse between
noH > 0.4 T and uoH < —0.4 T, and AHE can occur by this
mechanism. Note that the net magnetization [i.e., M, for Ta-
ble I(b)] is irrelevant to the mechanism of the altermagnetism
since the primary order parameter is M k.k,. Rather, the SOC
is essential for the AHE/MOKE emergence.

As mentioned above, in «-Cl, the AF spin order breaks the
glide symmetry, which breaks the left-right symmetry of the
current. In general, the SOC is necessary for the generation of
AHE/MOKE even in altermagnets [20]. In x-Cl/Br, requires
the Zeeman type SOC in addition to the AF spin ordering [9].
This AHE/MOKE can manifest even in the absence of the spin
canting of s,(y) and sp(;). While the spin canting is unnecessary,
the symmetry of the AHE/MOKE appearance is equivalent to
that of the system with a spontaneous magnetization along the
b(z) direction in H || b [9,20]. Therefore, this is a very curious
phenomenon, although equivalent results have been reported
for perovskite systems with the same Pbnm (or Pnma) space
group [31,33]. In «-Cl, the Zeeman type SOC along the c(x)
direction interacts with the spin component s., resulting in a
change in the electron’s energy, site density, and transfer to the
adjacent sites depending on the 4-c spin direction. The group
theoretical multipole considerations [27,34] suggest that «-
ClI can exhibit AHE because the pattern of the antiparallel
spin order and the spin-orbit interaction at each site mesh
well in a coordinated manner as well as the anisotropic elec-

tron transfers. This symmetry is a distinctive feature of the
mechanism.

Of course, AHE is a suitable phenomenon to explore the
functionality in altermagnetism, but it cannot be measured in
insulators. However, AF metals are rare even in altermagnet
candidates [10,11,35], and «-ClI is no exception [36,37]. In
such AF insulators, the magneto-optical Faraday and Kerr
effects, which are AHE in the optical frequency domain, are
appropriate detectors for revealing the origin of AHE [38—43],
which may include the energetic information of the altermag-
netic spin-band separation, although the other contributions
may be detected [42,44]. We measured the MOKE spectrum
of k-Cl in the infrared light region, in which x-Cl shows major
optical transitions related to  electrons [45,46].

II. METHODS
A. Outline

The quantities obtained by MOKE measurements are two
scalar angles, Kerr rotation 6k and ellipticity ng. As shown in
Fig. 2, when an incident linearly polarized light is reflected
by a magnetic material, the polarization of reflected light
rotates and elliptically expands. These angles can be measured
using polarizers and/or a photoelastic modulator (PEM). In an
isotropic crystal the off-diagonal dielectric constant &, can be
obtained from the measured quantities (fk, nk) by the follow-
ing equations, assuming that the scalar complex reflectance 7
or refractive index 7 is known:

O = Ok + ing = 7 (1‘ X
XX 8}(}&

1—7
exx_nz n= }:
147

ey

Hereafter, the tilde represents complex number, and dielec-
tric constant & and magnetic permeability fi (used later) are
relative ones.

Since «-Cl is orthorhombic (space group Pbnm) [23], un-
fortunately the above equation cannot be used. Anisotropic
materials such as k-CI/Br exhibit birefringence and linear
dichroism. These optical effects due to longitudinal (diagonal)
responses are about 100-1000 times larger than transverse
(off-diagonal) responses. This significant difference is simi-
lar to the ratio between the longitudinal resistivity py, and
the (anomalous) Hall resistivity py,. Therefore, although the
orthorhombic crystals have higher symmetry than monoclinic
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or triclinic ones, we need to pay careful attention to the separa-
tion of the diagonal and off-diagonal effects. For this purpose,
we have to correctly measure the MOKE and correctly ana-
lyze the off-diagonal dielectric constant &y,

This difficulty can also be seen in studies on the Faraday ef-
fect of orthoferrites in the 1960s and 70s [47-49]. From these
studies, we can learn that the Jones’s method [50,51] is easier
to understand and calculate, where the electric polarization
of light E is expressed as a two-dimensional vector and the
transmittance, reflectance, and optical elements are expressed
as 2 x 2 matrices.

We consider the xy plane of an orthorhombic magnet in
the Faraday configuration for (near) normal incident, where
magnetic field is perpendicular to the sample surface (see
Fig. 2). The two diagonal elements 7, = r, + isy (¢ = x,y)
in the 2 x 2 complex reflectance matrix r are different in
the orthorhombic crystal. The two-remaining off-diagonal el-
ements +0 = #(0 + in) corresponding to magnetic effects
have opposite signs, which can be understood shortly after,
considering the Onsager’s reciprocal theorem,

FR—]
S

When linearly polarized light of E||y is incident on this
crystal as shown in Fig. 2, the reflected light becomes ellip-
tically polarized in general, and the complex angle 9K|y =
/7, is expressed as the ratio of the electric field of re-
flected/incident light,

(0)=()==() o

From this equation, we notice that when compared with the
E||x incidence, the Kerr rotations and ellipticities depend on
the polarization directions of the incident light (éK‘x + éK‘y).
The off-diagonal reflectivity 6, a material-specific quantity, is
obtained only by calculating 6 = O, 7, = Ok .7+

Even if the off-diagonal element f in the r matrix is ex-
perimentally obtained, there has not been a simple method
to obtain the off-diagonal optical permittivity &, from it. In
recent years, we have found the calculation formula [52],
which is, however, almost the same as Eq. (1) only with the
use of 2 x 2 matrices I, r, n, and €.

L 00 4R+ i)y + 1)
5 ,
e=n’, n=U—-r){I+r)", 4)

gxy = —&x =

where I represents the identity matrix. This similarity is also
convincing from the physical requirement that Egs. (4) should
be reduced to Egs. (1) for isotropic materials. Equations (4)
are general formulas that can be applied to arbitrary samples
under the normal incidence condition.

It is important to note that Eqs. (4) are not the result of
substituting matrices to the corresponding scalar quantities
in Egs. (1), though it is mathematically impossible. In the
next subsection, we will present a rigorous derivation of the
formulae in Eqgs. (4), which was not explicitly demonstrated
in the previous paper [52].

B. Formula derivation

Assuming crystals with lower symmetries, consider the
3 x 3 general (relative) dielectric constant 3 and magnetic
permeability w3 tensor as,

m3 = (ij), G j=a, B, y). (5

Hereafter, the diagonal elements are denoted as &; =
&, [tij = fi;. The key idea in proceeding with the derivation
of Eq. (4) is to rewrite the Maxwell equations into 2 x 2
matrix equations with the measurable 2 x 2 reflectance matrix
in mind.

Assuming that the surface of the crystal is the o8 plane
and the o and B axes are parallel to the x and y directions
in the coordinate system, respectively («||x, B]|y). The light
traveling in the z direction with a wave number k;, is generally
written as, E = Eqexp i(k,z—wt). To derive the wave equa-
tion for this condition, use the Maxwell equations,

k,-D,=0, k. -B, =0,
kxE=wB, kxH=—owD. ©)

k, - D, = 0 (thus D, = 0) and relations between the field and
flux density,

g3 = (&),

D = goe3E, B = pousH, @)

yield E;, = —s;l(eyaEx + &,pE,). Substituting this E, into
Eq. (7), we obtain a two-dimensional equation for E, and E,
as,

(Sﬂt - Sayg;lgva)EX + (Saﬂ - Sayg;lgrﬁ)Ey
D = ¢y (epa — 85y8;18ya)Ex + (g5 — 8,3,,8;‘8,/,3)Ey ,
0

therefore,
N D,
5= (1)

-1
Ea — Eay€), Eya
€0

-1
Efa — 85},8}, Eya

-1
Eap — EayE, Eyp (Ex>
-1
€p — Epye, Eyp | \Ey
= goeE. ®

Hereafter we will use the arrow instead of bold to represent
the two-dimensional vectors. The magnetic permeability can
also be reduced to a 2 x 2 matrix in the same way.

Mo — /’Lay:u;l:uya
~ O\ e — 5 e

Iap = Hay iy, Ihyp <Hx>
g — Mgy ity g | \Hy
= uopH. )

Similarly, the cross product by k becomes a 2 x 2 matrix
because k, = k, = 0.

0 -1 0
kx)=11 0 0|k
0 0 0
— (kx)= (‘1) _(1)>12z = Rk., (10)
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where R = —R~! represents a two-dimensional 90 degrees
rotation matrix. As well as R, u and & are assumed to be non-
commutative and regular matrices. Note that k(= —id/dz) is
a scalar operator which acts on E=E exp(ik;z) (atz = 0).

Using the three 2 x 2 matrices (¢, i, R), the latter two of
Eq. (6) change into

Rk.E = opouH, Rk,H = —weeE. (11)

Eliminating the magnetic field by substituting H=
(wpom)~'Rk.E from the first into the second equation yields
a two-dimensional electric field equation,

A’E = (RUR™")eE = pugeE, (12)

where two scalar relationships pogo = ¢~ 2 and k, = f,w/c
are used, and finally RuR~! are defined as g, representing
the permeability matrix parallel to H or rotated by 90 de-
grees with respect to E. Equation (12) in the form of 2 x 2
eigenequation is a general form of the wave equation for light
traveling in the z direction in a crystal. When Eq. (12) is diag-
onalized, the eigenvalues are the square of refractive index,
n? and n3, and eigenvectors are the corresponding electric
fields, namely, light polarizations. In the wave equation, we
can define the matrix of refractive index » as

/J/ﬁeolﬁ - /“Lﬁagﬁ) 2 (13)

Hpa =n",
Halp

E =
He (I‘L(xsﬂa — Mapéa

where we have made an approximation up to the first order of
off-diagonal elements, which can be applied to orthorhombic
crystals.

Since the eigenelectric field (polarization) E(i=1,2)
corresponding to each of the two refractive indices n; is
obtained, arbitrary electric field of light E; in the crystal is
expressed as a superposition of eigen polarizations E; with a;
as the scalar coefficients,

E, = Eya; + Eyan = (E, Eg(i‘i) =Ea, (14)

where E is the 2 x 2 matrix for diagonalizing n*> and n
matrix. Writing scalar constants on the right side of the vec-
tor makes it easier to deform such equations, as well as to
distinguish constants from operators. As mentioned above,
IEZ (ox 71, ox d/0z) does not act on scalar or matrix constants
such as r, but only on the electric field (vector), where the
eigenvalue n; (scalar) is determined for each Ei as ﬁzﬁi = Emn;.

nE = Emnjoy + Exnoon

0 apy -
o)) =ema. as

where N is the refractive index matrix diagonalized by the
two eigen polarizations. & is a vector of coefficients arranged
vertically and has no physical meaning. The general matrix
form of the refractive index can be obtained by reversing the
diagonalization as

n=ENE~" (n* = EN’E7"). (16)

(B En(™m
—(El,E2)<0

This n is the matrix representation of the operator #1,. Due
to the physical constraint of the refractive index (Re{n;} > 1,

Im{n;} > 0), Eq. (16) is obtained. Using these eigenpolariza-
tions and values, we can concisely derive the general formula
for reflectance.

The boundary condition at the crystal surface (x,y) at
z =0 is the continuity of the surface-parallel £ and H on
the front and back side. Assuming that the incident light
Em and the reflected light Er = rE;, are in a vacuum, thus
koc = wng, € = 1, u = 1, ng = 1, and the electric field in the
crystal is E[ = Ea& from Eq. (14), then the continuity condition
for the electric field Ei, + E, = E; is

(I + r)E;, = Ea. 17

Similarly, since the magnetic field is represented as a
function of electric field H = u~'Rn.E 7 ¢=! from the first

equation of Egs. (11), I-Tvac = I-Zn + Hr on the vacuum side is
Hvac = R(I - r)E_:in/'Lalc_ls (18)

note that the wave number of the reflected light is reversed
—k,(ox — ;). As for the magnetic field of transmitted light H,
in the crystal, using Eq. (15),

H = pu 'RAE)py'c™ = w 'R(ENG)uy' e (19)
The continuity condition is ﬁvac = FI}, which becomes
R(UI — r)Eyn = n 'RENG. (20)
Substituting £ in Eq. (17) into the above Eq. (20) yields,
R — r)Ewn = w 'RENE~'(I + r)Ep. 1)

Since this is satisfied for an arbitrary incident light Ej,,
Ein can be omitted. Using the relationships Egs. (12), (13),
and (16), the formula for reflectance is represented by the
following 2 x 2 matrix equation,

I—=rA+r"' =pg'n=en"l. (22)

Using Eq. (22) and the transmittance formula, not shown
here but can be derived in a similar way, all matrix compo-
nents of the optical responses ¢, u, and n can be obtained,
in principle. Therefore, the measurement of r only, as in our
experiment, is not sufficient to obtain all of them. However, by
setting the permeability to u = I, which reduces to Eq. (4), we
can obtain » and € from r measured.

C. Measurement principle of MOKE

Figure 2 shows a schematic optical system for MOKE
measurements for the crystal ca surface, where the angles of
the polarizers 1 and 2 are set to ¢; = 90° and ¢, = —45°
for measurements, respectively. The electric field of light £
(scalar) at angular frequency w entering the detector is ex-
pressed using the Jones vector/matrix as follows [50-52]:

i— cos ¢, e 0 7. —0)\/(cos b1
“\sings) \o e 2)J\0 7 )\sing
x E;, exp (—iwt) (23)

where the retardation § = 8o(w) cos(27 f, t) represents the
phase difference between the x and y axes produced by PEM,
which oscillates at the frequency f, of about 50 and 80 kHz,
for SiO; (0.4 eV) and ZnSe (0.5 eV) media, respectively.
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The w dependence of § is calibrated in advance [50]. Note
that w is for light and f), is for PEM. The detected signal is
proportional to the average intensity (power) of light,
£’
I = > >~ Ige + iy cos(l x 27 fot)

+ by cos(2 x 27 fyt). 24)

The signal with the phase modulation by PEM contains
the components of the fundamental frequency /s, the second
harmonic /57, and the unmodulated /., which are extracted by
a lock-in amplifier. Using the Bessel functions J,, = J,,(§p(w) )
coming from the expansion coefficients of cos§ and siné,
and the normalized modulated coefficients Iy = I,7/l;. and
b = Ly /I, the angles 0k, and 5|, are obtained as

o 10 + 54 I
Oxe =Re<7> _tab tsan b

7 R, A
| o ran — 40 I 25)
g=Im[— | =——=——,
K] 7 R, 47,

where R, = r2 + 52 is the energy reflectivity in the crystal a
axis.

D. Sample

The «-Cl crystals used were grown from aqueous solution
by conventional electrochemical methods. The crystals are
platelike and rhombic in shape and approximately 1 mm in
diameter and 0.2-0.4 mm thickness. The rhombic surface is
the ca plane [Fig. 1(b)] as flat as a mirror and can be used
as is for optical measurements. We have confirmed that the
crystal has good quality based on the optical properties in-
cluding anisotropy, as well as on the evaluation of resistivity,
magnetic susceptibility [Fig. 1(c)], and optical properties of
other crystals of the same batch.

E. Optical measurement

The diagonal reflectivity in the far- and mid-infrared light
region and the magneto-optical Kerr effect in the mid-IR
light region were performed with the measurement system
at BL43IR, SPring-8, Japan [52-55]. Infrared synchrotron
radiation enters the measurement system through a Fourier
transform infrared (FTIR) spectrometer (Bruker, [IFS120HR).
A Cassegrain mirror with numerical aperture NA = 0.3 is
used to focus the light onto a spot diameter of 100-150 mm
(near normal incident light with the average angle of incidence
~9°). Therefore, we can use Eq. (4) for analysis. A super-
conducting magnet equipped can apply a magnetic field of
up to £14 T perpendicular to the sample plane (polar Kerr
configuration).

As schematically illustrated in Fig. 2, the incident light was
fixed vertically (]| a) for the MOKE measurements since the
synchrotron radiation light source is elliptically polarized with
the vertical direction stronger, and the incident angle to the
sample must be adjusted within about 0.2°. The crystal axes
(o, B, y) in Sec. II B correspond to the actual «-ClI crystal
axes (c, a, b), respectively. The «-Cl crystals were held in
place by gold wires to make thermal contact and to avoid the
pressurization effect of thermal contraction of the metal stage
in a cryostat. The magnetic field is applied along the b axis.

Reflectivity
(=]

SC
Sll
. T=15K ]
X re
(i
-1k L . I . I .
0.2 0.4 0.6 0.8
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FIG. 3. Spectra of energy reflectivity R, at 60, 30, and 15 K in
E|la and R, at 15 K in E||c [63]. The real r and imaginary s part of
the complex amplitude reflectance (Fresnel coefficient) are shown in
Ella and E||c at 15 K [63]. Note that both r and s are negative and
the relation of R, = 12 + 52 (a = ¢, a).

The Faraday effect (nearly constant a few mrad/T for rotation
and almost zero for ellipticity) due to the KBr window of the
cryostat were subtracted. For the BaF, window the Faraday
effects were negligible. We used two types of PEM (Tokyo
Instruments): ZnSe for <0.5 eV and SiO, for 20.4 eV.

For the near-infrared, visible, and ultraviolet regions, mea-
surements were performed in the laboratory. After obtaining a
set of spectra, the complex diagonal reflectance was calculated
by Kramers-Kronig transformation (KKT).

III. RESULTS
A. Diagonal reflectivity

Figure 3 shows the diagonal reflectivity spectra in E || a
at T =60, 30, and 15 K and E || ¢ at 15 K. The energy re-
flectivity R, at around 0.15-0.40 eV monotonically increases
with decreasing temperature. Both R, and R, show a sharp
resonance at 0.16-0.18 eV due to the molecular vibration. A
large dip structure in R, at 0.4 eV corresponds to the change
in the m-electron transition from intra- to interdimer transition
with increasing photon energy [45,46]. The complex reflec-
tivity coefficients r, + is, at 15 K were obtained by the KKT
with the spectra from about 0.03 to 3 eV, where the spectra
outside of the energy region shown in Fig. 3 do not show
remarkable structures. The real and imaginary parts of the
reflection coefficients are negative since the time dependence
of the electric field is defined as exp(—iwt). These results,
including the complex coefficients, are consistent well with
the precedent report [45].

B. Temperature dependence

Figure 4 shows the MOKE spectra of angles 6k and ng
at 9 T in E || a. The spectra in Figs. 4(a) and 4(b) are the
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FIG. 4. Temperature dependence of MOKE spectra in E || a at 9 T [63]. To remove the unwanted effects of windows and mirrors, the
spectrum at temperature below 60 K is subtracted by the spectra at 9 T and 60 K. The upper panels show the Kerr rotation spectra in the (a) low
and (b) high energy region, and (c) the temperature dependence at 0.35, 0.53, and 0.56 eV. The lower panels show the Kerr ellipticity spectra
in the (d) low and (e) high energy region, and (f) the temperature dependence of at 0.25, 0.42, and 0.56 eV. In (c) and (f), 0.1 is multiplied due

to large angles in the high energy region.

difference from 6k at 60 K, similarly Figs. 4(d) and 4(e) are
the difference from nk at 60 K in the low and high energy
regions, respectively. In the low energy region, 0x and ng are
small but all the spectra enhance below about 7y. In the high
energy region [Fig. 4(b)], Afk increases significantly in the
negative direction down to 15 K, reaching about —150 mrad
(—8.6°). This is due to the very low reflectivity (<10%) as
shown in Fig. 3. Figures 4(c) and 4(f) show the temperature
dependence of the angles at several energies, all of which
become apparent below around 7y.

At magnetic fields below 5-6 T, the MOKE signals were
unclear, even below Ty, whereas the MOKE signal at 9 T
seems to occur above Ty as shown in Figs. 4. We consider that
this is a kind of critical behavior under a strong magnetic field,
at temperatures where the spin-spin interaction is significant
due to the weak anisotropy in the spin direction, as follows.

In Fig. 1(c), magnetic susceptibility decreases gradually
below 40-50 K, indicating that the magnetic interaction be-
gins to be significant with respect to temperature. Reference
[56] also clarified by NMR measurements at 7.4 T, that
antiferromagnetic spin correlations begin to emerge in this
temperature range. At 7 T, a spin tilt of 10% is observed in
the M-H curve in the AF phase [26]. The anisotropy of single
dimer 1/2-spin is weak, and 9 T should be sufficient to elim-
inate the cancellation effect between the two layers in «-Cl.
Therefore, the appearance of MOKE above Ty is attributed
to the spins tilting along the 9 T magnetic field and begin-
ning to correlate antiferromagnetically in this temperature
regime.

C. Field dependence

To clarify whether the MOKE signal is proportional to the
net magnetic moment or not, we show the field dependence
of the spectra of 6x and nx at 15 K in Fig. 5, where the
angles are calculated as Ox (H) = [0k (+H) — Ok (—H)]/2, as
well as for ng. At lower magnetic field below 6-7 T, all the
spectra in Fig. 5 are small, while with increasing field the
spectra nonmonotonically enhance with some structures. In
Fig. 5(a), at 0.12-0.15 eV a sharp peak grows with magnetic
field and spectra go negatively toward higher energy. In the
higher energy region shown in Fig. 5(b), 6k becomes the
lowest at 9 T, then increases at 12 T. The peak structure, as
well as the peak in Fig. 5(a), seems to shift to lower energy
with increasing magnetic field. In Fig. 5(d), nonmonotonic
increase and decrease in 7k is observed, where ng becomes
the largest at 9 T in the energy region of 0.2-0.4 eV. As
well as 6, in Fig. 5(e) the peak of nk shifts toward the low
energy. These nonlinear field dependences are clearly seen
also in Figs. 5(c) and 5(f). In Fig. 5(c) 6k is almost zero in
magnetic fields below 5-6 T, begins to increase sharply in the
negative direction at 67 T, saturates around 9 T, and moves
toward zero. The same behavior can be seen in ng. Since the
net magnetic moment of the canted-AF state is proportional
to the magnetic field after the spin flop [26], the observed
MOKE signals have no direct relationship with the canted
magnetization (AM}) or magnetic field, which is qualitatively
consistent with the theoretical results for MOKE/AHE due to
altermagnetism. In addition, the peak energy shifts without
phase transitions under a magnetic field of ~ 10 T is unusual.
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FIG. 5. Magnetic field dependence of MOKE spectra in E || a at 15 K, where the spectra are the odd component of the magnetic field, and
the corresponding spectrum at 60 K is subtracted [63]. The upper panels show the Kerr rotation spectra in the (a) low and (b) high energy
region, and (c) the field dependence at 0.25, 0.43, 0.56, and 0.58 eV. The lower panels show the Kerr ellipticity spectra in the (d) low and (e)
high energy region, and (f) the field dependence at 0.25, 0.35, 0.40, 0.57, and 0.60 eV. In (c) and (f), 0.2 is multiplied due to large angles in the

high energy region.

D. Diagonal and off-diagonal elements

For a more detailed discussion, 6k, #, diagonal, and off-
diagonal conductivity 6., spectra at 15 K, 9 T, E || a are
shown in Fig. 6, two of which are scaled for clarity. The
diagonal conductivities o, in E || a and o, in E || ¢ were
calculated using the spectra shown in Fig. 3. In particular, g
seems to be antisymmetric as the center around 0.4 eV. This
trend is the same for 6 and &,,. The significant difference of
the peak values at both ends in 6|, become small in 6, and
become comparable in G,,.

6.4 1s calculated using diagonal elements according to Eq.
(4), which includes the sum of complicated diagonal terms.
However, the resulting spectra can be easily interpreted due to
the simple band structure in organic systems.

First, comparing the off-diagonal 6., with the diagonal
o, and o, in the central spectra (~0.2—0.5 eV), o, and o,
roughly corresponds to the imaginary and real part of G,
respectively, i.e., 6., — o, — io,. This correspondence is not
trivial, although Eq. (4) includes the diagonal conductivities.
The spectral features of o, and o, are explained by two
transitions of the m electron within a dimer and between
adjacent dimers along the cdirection, respectively [9,45,57].
As is discussed in the next section, these correspondences can
be understood by the theoretical result that the £k.k,-type
band structure of the altermagnet derives from normal electron
hoppings rather than SOC.

On the other hand, second, the spectra around the ends
(0.10-0.15 and 0.5-0.6 eV) cannot be attributed to the diag-
onal components. Such band-edge peaks are typically seen
in ferromagnets attributed to the up- and down-spin band

difference [44]. Therefore, the end peaks clearly correspond
with the AF spin ordering. Note that the sharp spectra seen
around 0.15 eV in diagonal conductivities are due to molecu-
lar vibrations whose effect on 6, is small because of almost
zero A. The width of the end peaks (~0.05 and 0.1 eV at
low and high energy, respectively) corresponds to the split
width of the up- and down-spin bands. This splitting energy
cannot be explained only by the small SOC (<1 meV) in the
organic molecular based «-CI [9,58,59]. Both of these features
amplify the 6., of x-Cl to the extent that it is comparable to
that of ferrites [60].

IV. DISCUSSION

We discuss the attributions of the observed &, in relation
to the altermagnetism and others. The symmetry to produce
the s .k k,-type spin-band splitting in x-Cl is intrinsically the
same as that to produce the piezomagnetic effect [29,61,62]
and symmetric spin current [13], as described in the Introduc-
tion. These effects can occur at once. In the piezomagnetic
material, the crystal distortion produces the magnetization.
This effect inversely means that the crystal distortion oc-
curs antisymmetrically by the reversal of applied magnetic
field or antiferromagnetic spins as shown in Fig. 7. There-
fore, even if a field-odd component o,,(—H) = —0o,,(H) is
measured, we cannot distinguish whether the signal stems
from the antisymmetric AHE/MOKE or symmetric inverse-
piezomagnetic distortion. The MOKE can detect the signals
from several related origins [42], including the field-odd
and symmetric o, (H) = —0,(—H) = 0,,(H) component
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FIG. 6. Spectra of (a) Kerr rotation 6k, and ellipticity 7k, in
Ella, (b) the real # and imaginary n part of off-diagonal amplitude
reflectivity, (c) diagonal and (d) off-diagonal optical conductivity at
9T and 15 K [63].

[38,43]. However, we can distinguish them in &,,(w) by con-
sidering the diagonal-term dependences, as follows.

As shown in Fig. 7, rotating the crystal by a small an-
gle Ag adds (6, — 6,)Ag to the off-diagonal conductivities.
Similarly, a lattice distortion, e.g., from a rectangle to a
parallelogram, in general, appends a linear combination of
the diagonal elements to 6., as 6.A@; + 6,A@,, where the
coefficients (Ag; and A¢,) must be real numbers because
the distortion is static and the angle is real. Since o, in

y A(Pz Dlstortlon Ay, A,

O UCA(pI + JaA(pZ
_A(/’l L'Qf (plaCA(pl + g, 4, Oa

FIG. 7. Effects of crystal rotation and distortions on the off-
diagonal matrix elements. The terms underlined in the matrices are
added by the effect.

(\Aw Rotation: Ap
( O ( Oc — Ua)A(p)
(0. — a) A Oq

Fig. 6(d) is field-odd component and the diagonal conduc-
tivities are field-even, the angle A¢ should be field-odd,
Ap(—H) = —A@(H). Therefore, the inverse-piezomagnetic
distortion mechanism is a possible explanation for the midre-
gion spectra of Re{6.,} ~ —o.A¢p (~ 0.4 —0.55 eV), where
Ag is estimated to be about 0.01 rad (0.6°). The off-diagonal
term due to the static distortion should be a symmetric tensor.

On the other hand, the imaginary part of the midregion
spectra Im{&.,} «x —o, (~0.2—0.4 eV) is qualitatively differ-
ent from the real part because j. is proportional to j,, i.e.,
Je = 6By X —io E, = —ij, for applied E, or j,. Consider-
ing the spin current generation, the importance is that spin and
flow can be reversed simultaneously as s.j. = (—s¢)(—j).
However, in the imaginary part, the sign of j. is fixed by
Ja(x< ij,), so the opposite spin current of (—s.)(—j.) can-
not be generated. In other words, the imaginary part in this
region implies current rotation without spin currents and a
standard antisymmetric field-odd tensor component. This con-
tribution to &, may correspond to the MOKE/AHE in the
strong dimerization limit in Ref. [9], where the MOKE/AHE
remains nonzero, although the sk.k,-type spin band splitting
has disappeared.

In addition to the end peaks already mentioned, we found
that the observed 6., spectrum has three features. These are:
the end peaks due to spin band splitting, which is independent
of the diagonal conductivities; the real part in the middle
region, which is expected to be associated with the inverse
piezomagnetic effect; and the imaginary part, which produces
the standard antisymmetric rotating current without spin cur-
rent. We emphasize that the appropriate measurement and the
correct calculation of &,, are quite important.

Next, we discuss the tensor symmetry of off-diagonal ele-
ments, i.e., 0., and o,.. Note that in our MOKE measurement
method for anisotropic magnets, different from the methods
using circularly polarized lights, 6., can be obtained inde-
pendently from the other off-diagonal element &,.. All the
xy elements of the matrices are proportional to each other
Tyy O Ty X Exy X Oy, but have mathematically no relation to
the yx elements.

We tried to observe the off-diagonal amplitude reflectivity
Fae X G4 InE || c and H || b several times in the same optical
settings by rotating the crystal as illustrated in Fig. 8(a). How-
ever, as shown in Figs. 8(b) and 8(c), the observed spectra are
close to zero within the error. The errors of the spectrain E||c
are about twice compared with that of E||a, mainly because
R, is about a half of R, (see Fig. 3). In Figs. 8(b) and 8(c), we
also show the expected spectra with the symmetric real and
antisymmetric imaginary parts of 6, = Re{6.,} — ilm{G.,}
(calc.s-as) as discussed above and the antisymmetric 6, =
—6,, (calc.as) for comparison. We cannot consider k. as a
significant signal due to the large error and noise, partly due
to the Faraday rotation of the cryostat window (Sec . IIE). On
the other hand, nx. is closer to the calc.s-as spectrum than
to the calc.as one at about 0.15-0.5 eV, consistent with the
discussion above. However, the experimental ng|. does not
show the end-peak structure at 0.12-0.15 eV which is seen
in the calc.s-as spectrum but not in the calc.as. Based on the
results in E || a and E | ¢, the off-diagonal elements can be
composed of the symmetric and antisymmetric terms in the
midspectral region, but not at the spectral end. The midre-
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FIG. 8. (a) Schematics of MOKE measurements in E || a for o,
and E || ¢ for o,.. Not the incident polarization direction but the sam-
ple orientation was changed because of the efficient use of elliptically
polarized synchrotron radiation. Experimental (exp.) and calculated
(calc.s-as and calc.as) spectra of the Kerr rotation (b) and ellipticity
(c) in E || ¢ [63]. Error bars are also shown. The calculations were
performed using the results of E || a, with the symmetric real part and
antisymmetric imaginary part 6,. = Re{6.,} — i Im{6.,} for calc.s-
as, and 6, = —&,, for calc.as.

gion spectra of ,. and &, are proportional to the diagonal
conductivities, while the end peaks are independent of the
diagonal conductivities. This qualitative difference indicates
that the MOKE in the two regions have different origins or
symmetries.

As noted by McClarty and Rau [20], AHE and MOKE have
a symmetry that transforms like the magnetization. Typically,
AHE and MOKE are proportional to the magnetization. In ad-
dition, the Néel order parameter appears in altermagnets, and
the spin-orbit interaction connects the Néel order parameter
to the net magnetization. Consequently, the AHE and MOKE
with the same symmetry as the net magnetization become
proportional to the magnitude of the Néel order parameter.
However, MOKE is an optical phenomenon which can also
exhibit other responses. These responses include excitations
where the spins transit between the sublattice bands (As. =
£1) via SOC as the absorption difference of the circularly
polarized lights, magnetic circular dichroism, called the para-
magnetic term [44,60]. The end peaks correspond to this
excitation and the width of the peak, the difference in the spin
bands, is large in agreement with the theoretical calculation.

Gy < M @—éiaiqe 0L g %—%;%4

Y M O M
vV
Oxy # 0 Oxy # 0 Oxy =0
(a) Polar  (b) Longitudinal (c)Transverse

FIG. 9. Schematics of the configurations of (a) polar, (b) longi-
tudinal, and (c) transverse MOKE corresponding to the spectra in the
middle region of &., and &, the edges of &.,, and &,., respectively.
The appearance of oy, corresponds to the appearance of the disk
perpendicular to the magnetization vector M in ferromagnet.

This optical transition, which appears as the end peak, is
directly related to the Néel vector or AF spin direction along
the ¢ axis, independent of the spin-canting magnetization or
charge/spin hopping resulting in the dc AHE. In other words,
there is a directional difference between the two responses;
one is due to the electron hopping in the altermagnetic xy(ca)
plane, and the other is due to the change in the £=c-spin direc-
tion by circularly polarized light. The latter origin should be
unique to the ac MOKE and not to the dc AHE. The circularly
polarized light should have a component along the ¢ axis.
Therefore, the effect of oblique incidence must be considered.

MOKE is roughly proportional to the inner product be-
tween the ray vector (with oblique incidence angle ¢) and
the magnetization M in ferromagnet. In «-Cl, both of the net
magnetization AM; and the Néel vector N, (or spin) can cor-
respond to M. Figure 9 shows the (a) polar, (b) longitudinal,
and (c) transverse Kerr configurations, corresponding to the
spectra in the middle region, the edge peaks of o,,, and o,
respectively. Considering their inner product, the MOKE sig-
nal is proportional to cos ¢ in polar, sin ¢ in longitudinal, and
zero in transverse Kerr configurations. The crystal rotation in
Fig. 8(a) has little effect on the spectra in the middle region,
but a large effect on the end peaks (cxsin¢ or zero). Note,
however, that all the responses follow N, and that significant
spin canting is required for the large difference between the
end peaks in Fig. 9(b) and 9(c).

In connection with the oblique angle ~ 9° (see Fig. 2 and
Sec. IIE), we discuss quantitative angles and the nonlinear
field dependence of the MOKE. We can compare experimen-
tal and theoretical results by taking the ratio of off-diagonal to
diagonal conductivities, o.,/0,, in the middle region of &,.
The ratio in the theoretical calculation [9] is about 1073, but
in our experiments both the real and imaginary parts are 10
times larger (1072 ~ 0.6°). These results and the nonlinearity
in Fig. 5 suggest that the experimental environment is in the
nonlinear regime [20] with respect to the spin canting and over
the range of spin structures where theoretical calculations [9]
have been performed. In fact, the M-H curve [26] shows a spin
tilt of about 10% (about 6°) at 7 T, which can be estimated to
be more than 10° at 12-13 T. Since o,, of the altermagnet
follows the magnitude of the Néel vector, the decrease in
MOKE at high fields can be attributed to the reduction in
|sc| due to the large spin tilt. At about 6 T, the Néel order
parameter entered the nonlinear region, bringing the MOKE
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signal into our observable range. The incident angle of 9°, as
shown in Figs. 2 and 9, is much larger than the MOKE in the
middle region (<10 mrad = 0.6°) and the inverse piezomag-
netic distortion (~0.6°). However, it is comparable to the end
peak of ~100 mrad = 6° on the high energy side and the spin
tilt angle (~6 — 10° at 7-12 T).

V. CONCLUSIONS

In summary, we have revealed the off-diagonal optical
response in the organic Mott insulator x-Cl by the infrared
MOKE spectra below 60 K. The ca plane MOKE spectra
appear near the antiferromagnetic transition temperature and
show the nonlinear magnetic field dependence different from
that of the weak-ferromagnetic magnetization, which is qual-
itatively consistent with the theoretically suggested properties
of the altermagnetism. Using the general formulas for reflec-
tion and refractive index, the off-diagonal optical conductivity
of the entire w-electron transition band was determined. We
found that the off-diagonal conductivity spectra 6., have three
different characters: the real, imaginary parts in the midspec-
tral region, and the peaks at the spectral ends. The spectra in
the middle region are nearly proportional to the anisotropic di-
agonal conductivities as ., x —&, — i&,, where the real and
imaginary parts can be interpreted as the symmetric inverse
piezomagnetic effect and antisymmetric rotational current,
respectively. The end peaks show the large energy width and

intensity, which suggests the spin-band separation of as much
as 0.05-0.1 eV for the organic crystals with small spin-orbit
interactions. The asymmetry of &,. can be explained by the
symmetric real and antisymmetric imaginary parts of ., in
the middle region. The asymmetric end peaks can be inter-
preted as the spin-reversal optical transition directly related to
the Néel vector in the ¢ direction. The relationships between
the three MOKE configurations and the symmetry of the off-
diagonal conductivities are discussed. These results suggest
the altermagnetic MOKE response of «-Cl.
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