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Discovery of Giant X-ray Natural Circular Dichroism in an
Antiferromagnet with Time-Reversal Symmetry
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A structurally chiral, polar, and collinear antiferromagnet with effective time-reversal symmetry and no net spin moments

is shown to exhibit a giant X-ray natural circular dichroism.

ircular dichroism is the

difference in the absorption
of right- and left-handed circularly
polarized (RCP and LCP, respectively)
light. It is a valuable spectroscopic
tool used for studying the magnetic
properties and structural chirality of
molecules, proteins, and solids. For
example, a typical ferromagnet with
a net magnetic moment represents
a broken time-reversal symmetry
state and shows an X-ray magnetic
circular dichroism (XMCD) signal
that provides the spin- and orbital-
magnetic moments of constituent
atoms. Although an antiferromagnet
(AFM) is not expected to show an
XMCD signal as it does not have a
net magnetic moment, some studies
have shown that an XMCD signal
can be observed in AFM materials
with non-collinear or chiral spin
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structures. More recently, the so-

called “altermagnets” with no net spin moments have also
shown XMCD, which were understood as originating from
broken time-reversal symmetry. In contrast, AFM materials
with conserved time-reversal symmetry but broken space
inversion symmetry can exhibit X-ray natural circular
dichroism (XNCD) without an applied magnetic field."*

It is known that XNCD originates from the interference
between electric-dipole (E1) and electric-quadrupole (E2)
transitions.? However, its magnitude is orders of magnitude
lower than those of typical XMCD signals. In a path-finding
study led by Di-Jing Huang (NSRRC) and conducted in
collaboration with scientists from Taiwan, the United States,
Japan, and Germany, researchers have now discovered

a giant XNCD in X-ray absorption spectroscopy (XAS)

of a collinear AFM Ni;TeO, that exhibits time-reversal
symmetry. The authors used spatially resolved (~1 pm) XAS
to study Ni;TeO, that possesses a polar and chiral crystal
structure with a collinear magnetic structure.’ The results
also showed that the observed giant XNCD changes its

sign between domains of opposite crystal chirality with the
magnetic structure keeping time-reversal symmetry.
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Crystal and spin structures of Ni;TeOg. (a) The crystal structure of Ni;TeOg consists of
ferromagnetically coupled Ni;Os and NinOs honeycomb layers alternating with the NinOs

and TeOs honeycomb layers. (a) and (b) are in-plane unit-cell vectors. The structural unit

cell comprises six honeycomb layers stacked along the c-axis. (b) Chiral crystal structure

of Ni;TeOs. The blue helix represents the handedness of the crystal chirality. The spins
represented by arrows are aligned along the c-axis, showing the collinear antiferromagnetic
structure of Ni;TeOg® The magnetic unit cell consists of two structural unit cells, that is, 12
honeycomb layers stacking along the c-direction. The structural unit-cell length ¢ and the
magnetic unit-cell length 2¢ are indicated by double-headed arrows. [Reproduced from Ref. 3]

Nickel tellurite, Ni;TeOg, crystallizes in a modified
corundum structure and is known to exhibit a large optical
rotation associated with chiral and polar domains.* The
three Ni sites and one Te site in the structure form two
kinds of honeycomb layers consisting of edge-shared NiOg
and TeO, octahedra stacked along the c-axis, generating the
polar crystal structure. The ferromagnetically coupled Ni,O
and Ni;O¢ honeycomb layer alternates with the Ni;;Os and
TeOg honeycomb layer, as shown in Fig. 1(a).

Ni;TeO4 shows an AFM transition with a Néel temperature
of Ty = 62 K, from a paramagnetic state to a commensurate
collinear AFM state with Ising anisotropy,’ as schematically
shown in Fig. 1(b). This is confirmed by momentum

scans of resonant X-ray magnetic scattering (RXMS) with
an incident X-ray beam spot size of ~1 pm, measured as

a function of temperature (Figs. 2(a) and 2(b), see next
page) at positions A and B, respectively, as shown in Fig.
3(a) (see next page). The results show that the intensity of
the (0, 0, 1.5) peak appears below Ty and steadily increases
with decreasing temperature. These results of temperature-
dependent RXMS at the Ni L;-edge XAS (Figs. 2(a)-2(c))
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and magnetic susceptibility measurements (Fig. 2(d)) are
consistent with the collinear AFM structure of Ni;TeOs.
The observed AFM transition is marked by a sharp cusp
in the parallel-to-c-axis component x|| of the magnetic
susceptibility. These results also agree with the results of
temperature-dependent X-ray linear dichroism (XLD)
measured at TPS 41A and plotted in Fig. 2(c).

Ni;TeOgs is actually considered to be a unique material, as
it exhibits both chirality and polarity. However, because
of its polar R3 structure, polarity aligns with chirality, and
this makes it impossible to observe different polarities
within the same chiral domain concurrently. The authors
then circumvented this difficulty by carrying out spatially
resolved temperature-dependent XAS and XNCD mapping
over an area of 90 x 90 pm? with a resolution of ~1 um

in order to characterize the domain structure, as shown
in Figs. 3(a) and 3(c). The authors could distinguish two
types of chiral domains by performing Ni L;-edge XAS
measurements at TPS 41A using circularly polarized
X-rays.

Most importantly, the authors observed a relatively large
XNCD for two distinct types of domains for temperatures
below = Ty, as shown in Fig. 3(b), despite the absence

of both an external magnetic field and remanent
magnetization. The measured dichroic spectra, i.e., the RCP

— LCP difference spectra, show a maximum magnitude

of XNCD of approximately 20% of the Ni L;-edge XAS
peak, much larger than the previously reported one of 2%,°
thus indicating a giant XNCD in Ni;TeOs. The observed
giant XNCD exhibits a non-linear dependence on the
X-ray intensity, showing a positive peak at wgr + 0.3 eV at
position A and a negative peak at wgr + 0.7 eV at position
B. The dichroic maps shown in Fig. 3(c) demonstrate a sign
change between the domains of opposite chirality. The color
contrast between the domains increases with temperature,
and it becomes strongest around Ty and invisibly weak

at room temperature. The XNCD intensities at A and B
plotted as functions of temperature in Fig. 3(d) show a
clear enhancement below = Tk.

The magnitude of the observed XNCD in Ni;TeOg is
comparable to the XMCD of 3d transition metals but is
much larger than the usual XNCD resulting from the
E1-E2 interference. This is indicative of a new mechanism
going beyond the E1-E2 interference, likely arising from a
uniform “effective magnetic field” active in Ni;TeOs. From
a symmetry perspective, moving X-ray photons in a chiral
crystal structure can induce an effective magnetic field
along their propagation direction. The authors propose
a theoretical model to explain the giant XNCD, which is
attributed to a broken PT symmetry, where P is the parity
and T is time reversal. In particular, the authors could
show from their model that the
XNCD cross-section of L-edge XAS
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space scanned along L with RCP at the photon energy of wrr+0.3 eV as a function of
temperature measured at positions A and B, respectively. Here, wgr is the Ni Ls;-edge

XAS peak energy, and A and B belong to opposite chiral domains shown in Fig. 3(a). (c)
Temperature dependence of XLD and the (0, 0, 1.5) peak of RXMS at the Ni L; edge plotted
across the Néel transition. (d) DC magnetic susceptibility for magnetic field parallel and

can exhibit circular dichroism with
time-reversal symmetry. (Reported by
Ashish Chainani, Jun Okamoto and
Di-Jing Huang)

perpendicular to the ¢ axis taken with pH = 0.2 T. [Reproduced from Ref. 3]
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Fig. 3: Temperature-dependent XNCD of NizTeOg. (a) Image of the Ni;TeOs sample recorded with a polarized-light microscope. Horizontal and
vertical edges are parallel to the [0 1 1 0] and [2 1 1 0] axes, respectively. The red-square box shows a 90 x 90 um? area on which the XAS and
XCD images were taken. Positions A and B are in two different domains of opposite crystal chirality. (b) XAS spectra taken at positions A and
B with RCP and LCP and difference spectra, i.e., X-ray circular dichroism spectra, at 58 K measured by the fluorescence-yield method. Circular
dichroism signals at A and B are positive and negative, respectively. (c) XAS images of Ni;TeOg in the 90 x 90 pm?” area measured at a photon
energy of wrr + 0.7 eV (photon energy of wgr at RT) with RCP (top) and LCP (middle) and RCP — LCP difference images (bottom) at various
temperatures. (d) XCD intensity normalized to the L; XAS peak intensity, defined by 2(RCP — LCP)/(RCP + LCP), at positions A and B plotted
against temperature. The dichroism changes its sign between A and B. [Reproduced from Ref. 3]
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