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Resonant x-ray diffraction (RXD) measurements at the Tb L; and the Ms edges were carried out on a
single crystal of a rare-earth tetraboride, TbB,4, which exhibits antiferromagnetic (AFM) order breaking both
space-inversion and time-reversal symmetries. Considering its crystallographic and magnetic symmetries, both
the anisotropic tensor of susceptibility (ATS) scattering and the magnetic scattering contribute to space-group-
forbidden 0odd00 reflections under the resonant conditions in the AFM phase. We found that the RXD intensity
of 0dd00 reflections depends on the helicity of the circularly polarized incident x rays, which is reasonably
explained in terms of the interference effect between the ATS and the magnetic scatterings. Furthermore,
the circular dichroic RXD showed a sample-position dependence, which reflects spatial distributions of AFM
domains in TbBy4. Our study reveals that RXD using circularly polarized x rays is a powerful technique to probe
not only the magnitude but also the sign of AFM order parameters and to spatially resolve AFM domains in
materials breaking both space-inversion and time-reversal symmetries.
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I. INTRODUCTION

Rare-earth borides have attracted continuous interest in
the fields of both condensed matter physics and practical
applications because of their refractory character and their
largely specific structural and physical properties [1-3]. They
show a variety of unusual electronic and magnetic prop-
erties such as superconductivity, frustrated magnetism, and
electric quadrupolar order. Rare-earth tetraborides RB4 (R =
rare-earth elements), a class of rare-earth borides, crystalize
in a tetragonal structure and have been extensively studied
from a viewpoint of the geometrical frustration of magnetic
dipoles [4-7] and electric quadrupole order of 4f electrons
[8~11]. Furthermore, the rare-earth tetraborides are also dis-
cussed as systems allowing a linear magnetoelectric (ME)
effect because magnetic structures in some of them break
both time-reversal and space-inversion symmetries [12—14].
By the group-theoretical classification theory of multipole or-
der, some of the rare-earth tetraborides are listed as odd-parity
magnetic multipole materials allowing the ME effect and the
magnetopiezoelectric effect [15].

TbB, is one of the rare-earth tetraborides and exhibits two
successive magnetic phase transitions [16]. At Ty; = 44K,
TbB,4 shows a noncollinear antiferromagnetic (AFM) order
in which Tb moments are aligned along the (110) direc-
tions with the propagation vector of Q = 0, as depicted in
Fig. 1(a) (AFM1 phase). The magnetic point group of the
AFMI1 phase is 4/m'm’'m’, which breaks both time-reversal
and space-inversion symmetries and leads to a pair of AFM
domains that transform into each other by either time-reversal
or space-inversion operations [Fig. 1(a)]. Below Txy = 24 K,
the Tb moments are slightly tilted toward the a or b axis, as
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depicted in Fig. 1(b) (AFM2 phase). As a result, the fourfold
symmetry is broken and the magnetic point group transforms
into m’m’'m’, which also breaks both time-reversal and space-
inversion symmetries [16]. The transition at 7y, is considered
to originate from a ferro-type order of electric quadrupole
moments of Tb 4f electrons [17] and leads to additional
orientational-type AFM domains as illustrated in Fig. 1(b).

In this study, we examine the AFM transitions and the
AFM order parameters in TbB,4 by resonant x-ray diffraction
(RXD) at the Tb L3 and the Ms edges using circularly polar-
ized x rays. In TbBy, the twofold screw axis along the [100]
direction makes 0dd00 reflections forbidden. Under resonant
conditions, however, the electric susceptibility of an absorbent
atom at the F1-E1 transition is anisotropic, and a diffraction
phenomenon called anisotropic tensor susceptibility (ATS)
scattering [18] is active at the forbidden odd00 reflections. In
both the AFM1 and the AFM2 phases, magnetic scattering is
superimposed on the ATS scattering at 0dd00 reflections un-
der the resonant conditions, which was reported in a previous
RXD study in the vicinity of the Tb M5 edge [19]. It has been
reported that the interference effect between the magnetic
scattering and the charge (or ATS) scattering leads to circular
dichroism of RXD and allows the observation of time-reversal
domains in some AFM materials [20,21]. We adopt this tech-
nique to detect AFM order parameters and distinguish AFM
domains in the noncollinear antiferromagnet TbB4 breaking
both the time-reversal and space-inversion symmetries.

II. EXPERIMENT

A single crystal of TbB4 was grown by the floating zone
method using a mirror furnace equipped with four xenon

©2023 American Physical Society
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FIG. 1. Magnetic structures of TbB4. (a) In the AFM1 phase
(Ing < T < Tni), Tb moments are aligned along the (110) direc-
tions, and fourfold symmetry is preserved. There are two domain
states which are converted into each other by either the time-reversal
operation or the space-inversion operation. (b) In the AFM2 phase
(T < 1x»), the fourfold symmetry is broken, and four domain states
are present. Magnetic point groups of the respective phases are also
shown.

lamps [22,23]. The orientation of the crystal was determined
by Laue x-ray diffraction measurements. The crystal was cut
into a thin plate (~2 x 3 x 0.5mm?) with the widest faces
parallel to the (100) plane. One of the surfaces was mechan-
ically polished by using diamond slurries with an average
particle size of 0.25 um. Magnetization measurements con-
firmed that the crystal exhibits two magnetic transitions at
TN = 44K and Tx; = 24 K, which is consistent with previ-
ous reports [16,17].

RXD experiments using photon energies near the Tb
L; and Ms absorption edges were performed at beam-
lines 19LXU and 17SU, respectively, in SPring-8, Japan. A
schematic drawing of the diffraction setup is shown in the
inset of Fig. 2. Here 6 denotes the Bragg angle. The [100]
direction of the TbB4 crystal was set along the momentum
transfer vector (t = q — ') where q and q’' are the wave
vectors of the incident and the diffracted x rays, respectively.
The rotation of the sample about 7 is defined as the azimuthal
angle . The origin of ¥ was set at the condition of [001]
perpendicular to the scattering plane.

For the experiments using hard x rays near the Tb L3 edge,
the circular polarization of incident x rays was manipulated
by a diamond phase retarder [24]. We employed the 220
reflection of the diamond crystal with its surface being parallel
to (001) and slightly detuned from the diffraction condition to
obtain circular polarization. In the measurements for linearly
polarized incident x rays, polarization analysis of diffracted
x rays was carried out by using a graphite (006) analyzer
crystal, which gave a scattering angle of 95.1° for the incident
photon energy set at the Tb L3 edge. By rotating the graphite
crystal around the scattered beam, the linearly polarized o
(perpendicular to the scattering plane) and & (parallel to the
scattering plane) components were separated. A silicon drift
detector (XR-100SDD, Amptek Inc.) was utilized to suppress
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FIG. 2. Photon energy profiles in the vicinity of the Tb L; edge
in TbB,. (a) X-ray absorption spectrum (XAS). (b) Integrated in-
tensity of the 200 Bragg reflection. (c) Integrated intensity of the
300 forbidden reflection for the o'—n and the n’—sm channels at
¥ = —90°. These data were taken at temperatures below 7y;. The
dashed line indicates the photon energy (E,, = 7.5175keV) used
for the experiments of Figs. 3 and 4. Inset: The scattering geometry
of our resonant x-ray diffraction measurements. Here 6 denotes the
Bragg angle. The origin of azimuthal angle ( = 0) is defined as the
condition that the c axis is perpendicular to the scattering plane.

background signals due to x-ray photoemission and multiple
scattering by higher harmonics from the beam source. The
beam size of incident x rays was set at 0.2 x 0.2 mm? by
upstream slits. The analyzer window was shaped by down-
stream slits in front of the graphite analyzer and was set at
0.2 x 0.2 mm?. For measurements of sample-position depen-
dence, a pinhole collimator (hole size ~20 x 20 um?) was
placed in front of the sample and the sample was positioned
with an XYZ translation stage. To determine the resonance
energy, x-ray absorption spectrum (XAS) around the Tb L;
edge was obtained by measuring x-ray fluorescence.

For the experiments using soft x rays in the vicinity of
the Tb M5 edge, an upgraded diffractometer based on the
prototype instrument [25] was utilized. Both unfocused and
focused x-ray beams were used for the soft x-ray experiments.
The unfocused x-ray beam was with an irradiation area of
approximately 1 mm in horizontal and 0.8 mm in vertical
directions. For scanning microdiffraction measurements, the
incident beam was focused horizontally to a size of 25 um and
vertically to 10 um by the upstream Kirkpatrick-Baez mirrors.
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A silicon photodiode was used to detect diffracted x rays. The
polarization of incident x rays was switched by a combina-
tion of electromagnets and permanent magnets, employing
a multipolarization-mode undulator [26]. The degree of the
circular polarization of the incident x rays was |P»| = 0.90 in
which P, is the Poincaré-Stokes parameter. The polarization
state with P, = 41 corresponds to right-handed circularly
polarized (RCP) x rays while that with P, = —1 means left-
handed circularly polarized (LCP) ones. To measure spatial
distributions of the diffracted intensity, the sample was po-
sitioned with an XYZ translation stage, as for the hard x-ray
experiments. The azimuthal angle was fixed at ¢ = —90° for
the experiments in the vicinity of the Tb Ms edge. XAS around
the Tb Ms edge was obtained by measuring x-ray fluorescence
yield using a silicon drift detector.

III. FORMULATION OF RESONANT
X-RAY DIFFRACTION

A. Formulation of the ATS scattering factor

First, the crystal structure factor of TbBy is calculated. In
TbB4 (space group: P4/mbm), Tb atoms are at the Wycoff
position of 4g with the site symmetry m.2m. The positions
of four Tb atoms in a unit cell are (x, x 4+ 1/2, 0) for Tb(1),
(x+1/2, —x, 0) for Tb(2), (—x, —x + 1/2, 0) for Tb(3), and
(—x+1/2, x,0) for Tb(4) where x = 0.3172 [16]. For T =
(2n+1,0,0) where n is an integer, the Fourier component
> e>™R; is zero [R;: the position of the Tb(j) atom].
Hence, the crystal structure factor is zero, meaning that
2n+100 reflections are forbidden. However, in the space
group P4/mbm having the twofold screw axis parallel to [100],
the anisotropic tensor of susceptibility (ATS) scattering at
7 =(2n+1,0,0)is allowed under a resonant condition [18].
The crystal structure factor for the ATS scattering Fars is
given by [}, e RiTJ]. T/ is a tensorial scattering factor
for Tb(j) site. Each 7/ is defined by nine components as

Tup (a, B = x,y,z). Here x, y, and z are the local axes of
T7. When the coordinate axes are set along [110], [110],
and [001], the symmetry operations g for the site symmetry
m.2m of Tb atoms (twofold rotation about [110] and mirror
operations normal to [110] and [001]) make off-diagonal com-
ponents zero by equations R(g)T/R~'(g) = T/. R(g) is the
matrix of the symmetry operation g. In addition, four 7/ are
tied by the fourfold symmetry. Fasatt =(2n+1,0,0)asa
function of the azimuthal angle v is expressed as

0 Ff O
Fas@=|F 0 0| and
0 0 O
1 0 0 0 F O
Fxs(y)=|0 cosy —siny ||FR 0 0
0 siny cos Y 0O 0 O
1 0 0
x |0 cosy sin Y
0 —siny cosy
0 Ficosy —Fjsiny
=| Ficosy 0 0 Y
—Fsinyr 0 0

where Fj is a real number [F| = 2T,, cos{27 (2n + 1)x}]. We
obtain the scattering matrix F,

— Foo  Fox S N i 0 1
F = (Fﬂ/(, F,T/,T> =¢& -Fars-&=F s1nwcos9<1 O)‘
@

Here & (;’) denotes the polarization unit vector of the inci-
dent (diffracted) x-ray beam, and F;g denotes the scattering
amplitude for each polarization state, &’ and B. The former
is the polarization state of the diffracted x-ray beam and the
latter is that of the incident x-ray beam as shown in the inset
of Fig. 2.

B. Formulation of the magnetic scattering factor

Using the magnetic structures reported in Ref. [16], we
calculate the magnetic structure factor in the AFM1 phase
of TbB4 [see Fig. 1(a)]. In the geometry with the ¢ axis
perpendicular to the scattering plane (¥ = 0), the magnetic
structure factor at T = (2n + 1, 0, 0) is calculated as

F,(0) = Zlﬁje”‘RJ‘ = ij exp2mi(2n + 1)x;
J J
= (0, iFyp, 0). 3
Here th; represents the unit vector along the local magnetic

moment of the Tb atom at site j. F;,; is a real number. The ¢
dependence of F,, is given by

1 0 0 0
F,(y)=10 cos¢¥y —siny ||iFw
0 siny cos Y 0
0
= | iFpcosy |. @)
iFp sinyr

The sign of F,, is reversed by time-reversal operation and
depends on the time-reversal AFM domain. Following the
derivation given in Refs. [21,27-29], we obtain the magnetic
scattering matrix G,

G = Go’o Gzr/r[ _ 0 - m q
- Gn’o Gn’n - _me'q/ me ( X )

- imeb(_ 0 c0s ¥ €os 9) )

cosycosf sinyrsin26 )’

where b is the dimensionless resonant strength of
an electric dipole event, which is expressed as b=
—(3i/4mq)(F!, — F!)) using the wave number of a photon ¢
and the resonant strengths of the dipole transition F! with a
change in magnetic quantum number v.

C. Formulation of the scattering cross section

The total scattering matrix f, which is expressed as the
combination of Egs. (2) and (5), is f = F + ¢*G. Here a
phase factor ¢’?, which depends on the incident photon energy,
is introduced because the ATS and the magnetic scatter-
ings have a different energy dependence to each other. This
gives the general cross section with using the Poincaré-Stokes
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parameter P = (P, P, P3) as

do

1 . *
d_Q 25(1 +P3)(fa’af0’<7 +fn’af77/")

1
+ E(l - PS)(f:’anr’n + f:’nfa’ﬂ)

+ PZIm[f;’nfU’a + f:’nfn’a]
+PlRe[f:/nfa’a +f;<’ﬂfn/(7]‘ (6)

Here P, = %1 represents the linear polarization of +45°
off from the scattering plane, P, = £1 represents the
right- and the left-circular polarization, and P; = %1 repre-
sents the o and the 7 linear polarization, respectively.

The m-polarized [(P = (0, 0, —1)] incident x-rays beam
gives the total cross section for T = (2n + 1, 0, 0), which is
the sum of the o’—n and 7’—m channels, as

do . "
E = fn’nfn’n + fg/nfa’n = Liyn + Ioz. (7)
T

Here I/, and I, are the intensity of the 7'—s and the the

o'—m channels, respectively. These intensities are given as

Lyr = F2,|b*sin?260sin*y and ®)

Iyn = Flcos*@sin’y + F2, |b|*cos*fcosyr
— 2FF,,5(Re[b] sin ¢ + Im[b] cos ¢) sin yr cos .
)

In the paramagnetic phase, the magnetic scattering is ab-
sent, i.e., F,,;, = 0, and the intensities are given as

Iy =0 and (10)

Iyn = Flcos@sin’yr. (11)

In the same way, the circularly polarized incident x-ray
beam gives the dichroic intensity for t = (2n+ 1,0, 0) as

Icirc =P2Im[f:’nfn’ﬂ ‘|’f:/ﬂfn’c]
= P;(—Re[b] cos ¢ + Im[b] sin ¢)F,,,F; cos 6
x sin 26 sin’y. (12)

Thus, the circular-polarization dependent part of the cross
section is proportional to a product of the magnetic component
F,,» and the component in the ATS scattering F}, meaning that
it arises from their interference. In addition, its sign depends
on the time-reversal domain where the sign of F,,;, is revered.

IV. RESULTS AND DISCUSSION

A. Results of Th L; absorption edge

Figure 2(a) shows XAS obtained by x-ray fluorescence
spectroscopy. The spectrum exhibits a peak structure centered
at the photon energy of incident x rays Ep, = 7.5175keV
(Er3), which corresponds to the Tb L3 absorption edge (ver-
tical broken line in Fig. 2) and is the photon energy we
employed for the following measurements. Figure 2(b) dis-
plays the photon energy dependence of the integrated intensity
of the 200 Bragg reflection measured using m-polarized x
rays. The intensity shows a minimum at the energy near
the Tb L; absorption edge, which is a typical feature of
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FIG. 3. Azimuthal angle () dependence of the integrated in-
tensity obtained from the 300 forbidden reflection at 30 K (< 7x;)
and 60 K (> Tyx;). The data were taken for the o’—m channel at
Ey, =7.5175keV. The solid curves for 30 and 60 K are fits to the
experimental data with Egs. (9) and (11), respectively.

space-group-allowed reflections. Figure 2(c) shows the pho-
ton energy profiles of the 300 forbidden reflection obtained
with the ¢’—7m and the #’—m channels at 16 K (< Tx»). The
azimuthal angle was set at ¢y &~ —90°. Unlike the 200 Bragg
reflection, the 300 forbidden reflection is enhanced at around
the absorption edge for both channels, confirming their origins
in the resonance of Tb atoms.

Figure 3 shows the i dependence of the integrated inten-
sity (1) for the 300 forbidden reflection at 30 K (< 7y) and
60 K (> Tn1). The data were taken for the o’—m channel
at Eyp = Ep3. At 60 K (paramagnetic phase), the integrated
intensity becomes nearly zero at ¥ =~ 0 and the obtained
Y dependence is well fitted to Eq. (11) (red solid curve in
Fig. 3). This means that the 300 reflection is ascribed only
to the ATS scattering in the paramagnetic phase. The data
at 30 K (AFMI phase) is shifted significantly in the vertical
direction in addition to a slight phase shift. Then the inte-
grated intensity becomes finite at Y = 0. The blue solid curve
in Fig. 3 is a fit to the experimental data with Eq. (9). At
30 K, F2,|b|*/F? = 0.249, showing the contribution of both
the ATS and the magnetic scatterings in the AFM1 phase. The
slight phase shift in the ¥ dependence of the integrated inten-
sity is ascribed to the FiF,,;, interference term [the last term
in Eq. (9)]. This shift depends on the photon energy. It should
be noted that the value of F> at 30 K obtained by the fitting
is 1.53 times larger than that at 60 K, which suggests that
the ATS scattering is enhanced below Ty;. In fact, Ref. [19]
reports on the enhancement of the ATS signal at the Tb M5
edge below Ty;. These results show that the 300 reflection is
ascribed only to the ATS scattering in the paramagnetic phase
and both the ATS and the magnetic scatterings in the AFM1
phase.

Figure 4 shows the temperature evolution of the 300 forbid-
den reflection obtained at Ey, = E73 and = —90° with three
different polarization settings. Figures 4(a) and 4(b) display
the peak profiles at several temperatures and the temperature
dependence of the integrated intensity, respectively, taken in
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FIG. 4. (a)-(d) Temperature evolution of the 300 forbidden reflection obtained for the o’ —m (blue) and the 7’ —7 channels at y = —90°.
The data were taken at Ey, = 7.5175keV during warming. (a), (c) Peak profiles of the 300 reflection at selected temperatures for the o' —m
(a) and the 7'—m (c) channels. Solid curves are fits to Gaussian functions. (b), (d) Integrated intensity of the 300 reflection as a function of
temperature for the o’— (b) and the w'— (d) channels. (e), (f) Temperature evolution of the 300 forbidden reflection obtained at v = —90°
using LCP and RCP incident x rays. (e) Peak profiles at 30 K (< 7x;). (f) Integrated intensity of the 300 reflection as a function of temperature.

the o' —n channel. Equation (9) gives I, ., = F1200529 aty =
—90°, where only the ATS scattering contributes to the 300
reflection in the o’—nx channel. Thus, Fig. 4(b) shows that
the contribution of the ATS scattering is finite and weakly
temperature dependent at temperatures above Ty; and is
remarkably enhanced below Ty;. Such an enhancement of F; ]2
in the AFM1 phase is quantitively consistent with the result
obtained from the fitting to the ¥ dependence of the inte-
grated intensity shown in Fig. 3 (see the previous paragraph).
With further lowering temperature, the integrated intensity is
slightly decreased below Ty, which implies a suppression of
the ATS scattering in the AFM2 phase. Figures 4(c) and 4(d)
display the results taken in the 7'—m channel. Equation (8)
gives Iy, = anb|b|2sin229 at Y = —90°, where only the mag-
netic scattering contributes to the 300 reflection in the 7’ —7n
channel. Thus, Fig. 4(d) shows that almost no magnetic scat-
tering signal was observed at temperatures above 7Ty, but the

intensity develops below 7Ty;. Note that a weak peak is seen in
the data at 50 K (> Ty ) [Fig. 4(c)] and the integrated intensity
at temperatures above Ty is finite [Fig. 4(d)], which origi-
nates from the ATS scattering due to the leakage contribution
of the 0’—m channel. As is the case for the o’—m channel,
the integrated intensity for the 7'—sm channel is suppressed
below Ty, suggesting a correlation between the ATS and the
magnetic scatterings.

Next, we carried out measurements using circularly polar-
ized incident x rays to confirm that the interference effect
between the ATS and the magnetic scatterings leads to the
circular polarization dependence on the 300 reflection as ex-
pected from Eq. (12). The azimuthal angle was fixed at ¥ =
—90° where the interference effect is anticipated to be the
maximum. The energy of incident x rays was tuned to Ej3.
The degree of circular polarization for the incident x rays was
|P,| 2 0.98. To exclude the effect of mixed domain states, the
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incident beam was narrowed down to 20 um x 20 um in area
by using a pinhole. Figure 4(e) shows the peak profile of the
300 reflection obtained at 30 K with LCP and RCP incident
x rays. A clear circular polarization dependence with larger
intensity for LCP x rays is evident. Figure 4(f) shows the
temperature dependence of the 300 reflection intensities for
LCP and RCP incident x rays. While there is no difference in
the data obtained with RCP and LCP x rays above Ty, the
relative difference develops below Ty and reaches about 20%
at around Ty,. Note that the sign of the circular dichroism
depends on the sample position, which was confirmed by
the measurements at different sample positions (not shown).
According to Eq. (12), the sign of the circular dichroism
depends on that of F,,, which means that the observed circular
dichroic signals reflect the AFM domain state. Thus, in prin-
ciple, scanning x-ray microdiffraction measurements using
circularly polarized incident x rays enable us to clarify spatial
distributions of time-reversal AFM domains in TbB4. How-
ever, the present experimental setup for the measurements in
the vicinity of the Tb L; absorption edge was not suitable
for microscopy because of the weak intensity of the narrowed
incident beam and the sample drifting.

B. Results of Tb M5 absorption edge

To further clarify the effect of AFM domains on circular
dichroism and to spatially resolve the domain structure, we
conducted experiments using soft x rays whose energy was
tuned in the vicinity of the Tb M4 s edges. The instrument used
in this experiment is more suitable for scanning resonant x-
ray microdiffraction measurements because the incident beam
can be focused to a size of 25 um x 10 um in area by the
upstream Kirkpatrick-Baez mirrors [25,30]. First, we clarify
the energy and the temperature profiles of the 100 reflection
using an unfocused x-ray beam. Figure 5(a) shows XAS in
which prominent peaks appear around Tb Ms and M4 edges.
Figure 5(b) shows the energy profile of the intensity of the
100 forbidden reflection at three different temperatures. At
50 K (paramagnetic phase), the reflection intensity shows a
maximum centered at Ey, ~ 1237.5¢eV, which is ascribed to
the ATS scattering. On the other hand, it shows a peak at
Eyn ~ 1240.0eV in the AFM phases (30 and 20 K), which
mainly originates from the magnetic scattering. The intensity
in the paramagnetic phase is two orders of magnitude smaller
than that in the AFM phases. This suggests that the mag-
netic contribution is much larger than the ATS contribution
at the Tb Ms edge. The enhancement of the 100 reflection in
the AFM phases is clearly seen in Fig. 5(c) which shows the
temperature dependence of the integrated intensity of the 100
reflection at E,p, = 1237.5eV. Unfocused RCP incident x rays
were used for this measurement. Figure 5(d) displays rocking
curves obtained in the three different phases. The reflection
intensity starts to develop below 7y, shows a kink at Ty;, and
further increases with cooing down to the lowest temperature.

Finally, we visualize spatial distributions of the time-
reversal AFM domains using circular dichroic signals as-
cribed to the interference between the ATS and the magnetic
scatterings. To spatially resolve the distribution of AFM
domains, we carried out scanning microdiffraction measure-
ments on the (100) face of a specimen with a focused x-ray
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FIG. 5. (a), (b) Photon energy profiles near the Tb M, s edges in
TbB,. (a) X-ray absorption spectrum (XAS) obtained by measuring
the fluorescence yield at room temperature. (b) Integrated intensity
of the 100 forbidden reflection. Spectrum at 50 K is multiplied by
100 for ease of eyes. The vertical broken line in (a) and (b) denote the
photon energy used for the measurement of panels (c) and (d). (c), (d)
Temperature evolution of the 100 forbidden reflection obtained using
LCP incident x rays with E, = 1237.5¢eV. (c) Integrated intensity of
the 100 reflection as a function of temperature. (d) Rocking curves
of the 100 reflection at 13, 30, and 49 K.

beam at 30 K. The photon energy of x rays was set at
1237.5 eV where the ATS scattering on the 100 reflection
is the most enhanced [see Fig. 5(b)] and the interference
between the ATS and the magnetic scatterings is significant.
The maps shown in Figs. 6(a) and 6(b) were taken at the
same sample area by using RCP and LCP incident x rays,
respectively. Bright and dark regions in the maps correspond
to high- and low-intensity counts, respectively, whose contrast
is expected from the interference between the ATS scattering
and the magnetic scattering. The black and white contrast is
reversed from Fig. 6(a) to Fig. 6(b), which confirms that the
maps correspond to spatial distributions of the time-reversal
AFM domains. Figures 6(c) and 6(d) are the line profiles along
the Z direction (|| b) and the Y direction (|| ¢), respectively.
These line profiles suggest that the domain size along the Z
direction (|| b) is larger than that along the Y direction (|| ¢),
which is also evident in the two-dimensional maps shown in
Figs. 6(a) and 6(b). From these results, time-reversal AFM
domains in TbB, are platelike in shape: the plates are parallel
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FIG. 6. Time-reversal antiferromagnetic domains in the AFM1
phase of TbB,. (a), (b) Two-dimensional maps of the intensity of
the 100 forbidden reflection. These measurements were performed
at 30 K using (a) RCP and (b) LCP x rays with E;, = 1237.5¢eV. (c),
(d) Line profiles of the intensity obtained with RCP and LCP incident
x rays at red lines Z (//b) and Y (//c) in panels (a) and (b).

to the ab plane and are stacking along the ¢ axis. Very recently,
AFM domain structures on the ab face of a TbB4 crystal have
been revealed by the observation of nonreciprocal rotation of
reflected light (NRR) [31], which shows that irregular-shape
domains with the size ranging from several tens to hundreds of
micrometers are distributed on the ab face without clamping

along specific crystallographic axes. The domain size along
the b axis in the present study is essentially consistent with the
result of the NRR measurement. The platelike domain struc-
ture is probably attributed to anisotropic nature of magnetic
interactions in TbB4.

V. CONCLUSIONS

We investigated resonant x-ray diffraction (RXD) on a sin-
gle crystal of TbB4 showing antiferromagnetic (AFM) orders
breaking both time-reversal and space-inversion symmetries.
‘We show the contributions of the ATS and the magnetic scat-
terings to odd00 reflections in both the Tb L3 and the Ms
edges. Through the interference between the ATS and the
magnetic scattering, the circular polarization dependence of
RXD was observed at 0dd00 reflections. The results demon-
strate that the circularly polarized RXD technique enables us
to detect not only the magnitude but also the sign of the AFM
order parameter of TbB4. Adopting this technique to scanning
microdiffraction measurements, we succeeded in visualizing
spatial distributions of the time-reversal (or space-inversion)
AFM domains on the (100) face of a TbB,4 crystal. The
observed domains appeared to be plate shaped and to stack
along the c¢ axis, which may reflect the anisotropic nature
of magnetic interactions of the rare-earth tetraboride. The
present study reveals that circularly polarized RXD using the
interference effect between the ATS and the magnetic scatter-
ings is a powerful tool to detect AFM order parameters and
spatially resolve AFM domain structures in materials without
space-inversion and time-reversal symmetries, giving rise to a
variety of functionalities.
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