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In this review, the importance of the Dzyaloshinskii—Moriya Interaction (DMI) to the magnetic properties of quantum
spin systems is discussed mainly focusing on the determination of or understanding the role of DMI extracted from high-
frequency high-field electron spin resonance (ESR) measurements. This review includes the ESR theories of the § = 1/2
one-dimensional (1D) antiferromagnet with the staggered field (Oshikawa—Affleck theory) and with the uniform DMI,
and several related experimental results are shown. Then, the proposed mechanisms of the singlet—triplet transition in
quantum spin systems together with the ESR selection rules are introduced in connection with various experimental
results. Finally, the role of DMI in the ground state of kagome lattice antiferromagnets and the honeycomb lattice

antiferromagnet is discussed with some experimental results.

1. Introduction

The Dzyaloshinskii—-Moriya interaction (DMI) was sug-
gested by Dzyaloshinskii" from purely symmetry grounds,
and Moriya? developed a theory by extending the Anderson
theory of superexchange to include spin—orbit coupling
through the second-order perturbation. The DMI term is
expressed by

D'(S,'XSJ‘), (1)

where a modern textbook® says that “The form of the
interaction is such that it tries to force S; and S; to be at right
angles in a plane perpendicular to the vector D in such an
orientation as to ensure that the energy is negative”. The
vector D will not vanish in general, whereas it vanishes when
the crystal field has an inversion symmetry between the two
magnetic ions. Moriya also discussed how the symmetry
between the two magnetic ions will restrict the direction of
D.? As discussed by Moriya,? the orders of the magnitude of
D can be estimated by

D ~ (Ag/g), (2)

where g, Ag, and J are the g-value, its deviation from the
value for a free electron, and the exchange interaction
between the two magnetic ions, respectively. This is because
both D and Ag are related to the second-order perturbation of
the spin—orbit coupling. In particular, as the form of Ag is
related to that of Pryce spin Hamiltonian, Ag obtained from
the electron spin resonance (ESR) is suitable. DMI [Eq. (1)]
tends to cant the spins by a small angle, which induces a
small ferromagnetic component of the moments in anti-
ferromagnets such as a-Fe,O3;, MnCOj3;, and CoCO;. This
effect is known as a weak ferromagnetism, whose overall
magnetic properties can be interpreted on the basis of the
mean-field theory by including a small DMI term (1) in the
case of three-dimensional antiferromagnets.

However, recently, it has become clear that DMI plays
important roles in many aspects of quantum spin systems and
the ESR observations in them. The S = 1/2 one-dimensional
(1D) Heisenberg antiferromagnet is known as a typical
quantum spin system that will not show the Néel order even
at 0K and is beyond the scope of the mean-field theory. The

081003-1

Oshikawa—Affleck developed an ESR theory of S =1/2
quantum spin chain with the staggered field, which can also
be induced by DMI, using the field-theory approach.*~®
Oshikawa and Affleck theory was able to interpret the
unsolved ESR behavior in Cu benzoate” by assuming DMI,
and more extended ESR experiments related to the theory
will be discussed in Sect. 2.1. On the other hand, if one
considers the ESR of the S = 1/2 antiferromagnetic chain
with the uniform DMI, the splitting of the ESR mode is
expected theoretically owing to the momentum shift of the
spinon spectrum by DMI and actually observed for H // D,¥
which will be discussed in Sect. 2.2. Recent experimental
extensions to the high frequency and high magnetic field for
ESR?!9 revealed many direct transitions between the singlet
and triplet states in quantum spin system, which should be
forbidden for the conventional magnetic dipole transition.
These ESR experimental examples and the mechanisms
related to DMI or the selection rules will be discussed in
Sect. 2.3. Strong frustrations in antiferromagnetic systems
will prevent the Néel order, and small perturbations such as
DMI will play an important role in determining the ground
state. Therefore, the role of DMI and its experimental
determination in kagome antiferromagnets will be discussed
in Sects. 3.1 and 3.2. Finally, the role of DMI and its
experimental determination in a honeycomb lattice antiferro-
magnet with the frustration due to the next-nearest-neighbor
antiferromagnetic exchange interaction will be discussed in
Sect. 3.3.

2. ESR and DMI

2.1 Oshikawa—Affleck (OA) theory: ESR theory for S = 1/2
1D antiferromagnet with staggered field

A theory of ESR in the S = 1/2 1D antiferromagnet (J:
exchange interaction) with the staggered field is developed
using the field theory method by Oshikawa and Affleck.*~®
In compounds with a low crystal symmetry, the effective
staggered field (h = cH where c is a constant) will be induced
by the staggered g-tensor or DMI under the uniform applied
field H. The considered Hamiltonian is

H=JY Si-Sir+h) (-1S;—HY S5, ()
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where the first term is the isotropic Heisenberg exchange
interaction for the 1D antiferromagnet, the second term is the
transverse staggered field, and the third term is the Zeeman
term. In real materials, the second term mainly originates
from the staggered local crystal field around the magnetic
ions. Therefore, the separation between the staggered g-
tensor and DMI becomes relatively difficult in the analyses of
the experiments.

Main conclusions by Oshikawa and Affleck can be
summarized briefly as follows depending on the temperature
(T) regions.

i) In the extreme low-T limit (T < E,, breather regime), the
first-breather mode

hv = /(gusH)? + E,(H)? 4)

will be observed by ESR based on the sine-Gordon model,'"
where h, v, g, ug, and E (H) H?* are Planck’s constant,
ESR frequency, g-value, Bohr magneton, and excitation gap
or field-induced gap, respectively.

ii) In the temperature range E,, H < T < J (spinon regime),
the following shift dw and width 6H of ESR are suggested

Sw  (H/T)?, 5)
6H « (H/T). (6)

iii) As another contribution to the width in the temperature
region T < J, a linear T-dependence of the width,

6H « T, @)

is obtained when OA field theory approach was applied to the
exchange anisotropy.

Oshikawa and Affleck compared their theoretical results
with the previous ESR experimental data’!'> on Cu benzoate
[Cu(C¢HsCOO),-3H,0] assuming the DM  vector
Dy, Der) = (0.13,0.02)J, where J=8.6K.? Although
originally the increase in linewidth with decreasing 7" shown
in Fig. 1 was interpreted as the line broadening approaching
the Néel order,” there is no evidence of Néel order from
neutron scattering and susceptibility measurements.'® On the
other hand, Eq. (6) can be used to interpret the temperature
and frequency dependences of the linewidth very well as
shown in Fig. 1 in the frequency region from 9.4 to
48.9 GHz. Here, because the resonance field H is proportional
to the frequency from the resonance condition of ESR, the
frequency dependence corresponds to the H dependence in
Eqgs. (5) and (6). Moreover, the lowest breather excitation
from Eq. (4) can be used to interpret the angular dependence
at 0.41 K as shown in Fig. 2. Therefore, the OA theory seems
to be consistent with the ESR experimental results of Cu
benzoate up to 48.9 GHz.

To confirm the OA theory, particularly the existence of
the breather, the ESR measurement of Cu benzoate was
performed in a much wider frequency region up to values
above 600GHz by Asano et al.'¥ The temperature de-
pendence of linewidth shown in Fig. 3(a) clearly shows the
crossover from the spinon ESR line (closed circles) to the
breather ESR line (closed triangles). The leading term of the
fitting function [solid line in Fig. 3(a)] is ar(H/T)2 (a=
0.087 [K>T~!]) with a small contribution of #H (f = 0.007,
dimensionless). Although the origin of the pH term is
unclear, the functional form predicted by the OA theory
[Eq. (6)] for the spinon regime is applicable because the term
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Fig. 1. Temperature and frequency dependences of ESR linewidth for
H // ¢" of Cu benzoate [Cu(C¢HsCOO),-3H,0],” compared to Eq. (6). This
figure is taken from Ref. 4. © (1999) American Physical Society.
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Fig. 2. Resonance field at very low temperature for various field directions
in the ac plane of Cu benzoate. The experimental data were taken from the
“antiferromagnetic resonance” in Ref. 12 at 0.41 K, and the theoretical curve
is given by the lowest breather excitation at zero temperature. This figure is
taken from Ref. 4. © (1999) American Physical Society.

a(H/T)? clearly dominates the linewidth. The shift of the
resonance field also follows the theoretical proposal [Eq. (5)]
as shown in Fig. 3(b). On the other hand, the breather ESR
linewidth shows a completely different 7 dependence, that is,
the rapid decrease in linewidth as 7 is decreased below the
crossover regime as shown in Fig. 3(a). For the gapped
breather regime, the magnetic excitation is dominated by the
particle-like breather excitation. Therefore, the ESR line-
width is governed by the lifetime, which is limited by
collisions between thermally excited particles. Since the
number of excited particles decreases exponentially toward
T = 0, the linewidth is expected as 6H « exp[—E (H)/T],
which is represented by the dashed lines in Fig. 3(a), where
E,(H) is obtained from Fig. 4. The field dependence of the
first-breather ESR line at 7= 0.5K 1is plotted for different
field orientations in the inset of Fig. 4. As this field
dependence corresponds to Eq. (4) as shown by the OA
theory, E,(H) can be calculated from the experimental data
using Eq. (4) without any adjustable parameters. The
obtained E,(H) for H // c¢ in Fig. 4 clearly obeys the relation
E,(H) o« H*? suggested by the OA theory while it shows
that the induced gap for H // a or H // b is not sufficiently
large to satisfy the condition as kgT < E,(H) even at 0.5K.

©2023 The Author(s)
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Fig. 3. (a) Temperature dependence of the linewidth 6H, defined as full

width at the half maximum, for the spinon ESR line (solid circles) and the
first breather ESR line (solid triangles) observed for Cu benzoate. The solid
line represents the function a(H/T)? [Eq. (6)] plus a small contribution SH,
whereas the dashed line represents the function exp(—Eg(H)/T), where
E,(H) is taken from Fig. 4. (b) Resonance field shift is plotted against
(H/T)? [Eq. (5)]. In the inset, the solid squares and diamonds represent the
onset of the deviation from the formulas for the spinon regime in §H and in
the shift, respectively. The solid line in the inset is an eye guide. The thick
horizontal bars represent the crossover regime, where the spinon and breather
ESR lines coexist. The dashed line is the curve of kg7 = E,(H), where
E,(H) is taken from Fig. 4. This figure is taken from Ref. 14. © (2000)
American Physical Society.

To conclude, the validities of i) and ii) suggested by the OA
theory were confirmed in a very wide-field range for Cu
benzoate from the ESR experiments of Asano et al.'"¥ The
relations i) and ii) were also confirmed by high-frequency
ESR measurements in other S = 1/2 antiferromagnetic chain
systems, such as copper pyrimidine dinitrate (Cu-PM,
J = 36K),!>19 KCuGaFg (/ = 103K),'” and BaCux(Si_,-
Ge,),07,'® where the interchain interaction is canceled at
x = 0.65 (J = 479 K). In particular, soliton and higher order
breather modes together with some “unknown modes”,
whose origins were unclear at the moment, were observed
in Cu-PM'> and KCuGaFg¢'” by taking advantage of an
intrachain exchange interaction J much larger than that of Cu
benzoate. Furuya and Oshikawa developed a boundary field
theory approach to ESR in open S = 1/2 Heisenberg
antiferromagnetic chains with an effective staggered field.'”
They suggested that several “unknown modes” found in ESR
experiments on KCuGaFg and Cu-PM can be understood as
boundary resonances related to the existence of boundary-

081003-3

field orientations in Cu benzoate is shown. The solid lines are eye guides.
The main panel shows the plot of E,(H) as a function of external field. Here,
the open circles show the value determined by the specific heat meas-
urements taken from Ref. 13. The dashed and solid lines are the theoretical
curves of E,(H) o H*/3. The ¢”-axis is in the ac-plane and tilts 21° from the
a-axis. This figure is taken from Ref. 14. © (2000) American Physical
Society.

bound states (BBS) of elementary excitations and the
modification of the selection rules at the boundary, which
will be introduced by the sine-Gordon effective field theory
with boundaries. The example of KCuGaFg is shown in
Fig. 5. Moreover, as the relation E,(H) o« H*? in i) is
only valid in the low-magnetic-field region, Zhao et al.
showed that the energy gap of the first breather is a
nonmonotonic function of the field, and it presents a
minimum around the saturation field before the linear
increase above saturation based on the density matrix
renormalization group (DMRG) numerical simulation.?”
This prediction was confirmed in the vicinity of the saturation
field (Hy = 27 T) in Cu benzoate?" as shown in Fig. 6 and
also in Cu-PM? using the pulsed high magnetic field ESR.

Another contribution to the linewidth, which is approx-
imately T-linear and frequency-independent behavior de-
noted by Eq. (7) for the temperature region 7 < J, was also
obtained by the OA field theory approach.” This behavior of
the linewidth is due to an exchange anisotropy, and it is
observed in many quasi-1D S = 1/2 antiferromagnets,>—"
including KCuF;, CuGeOs3, and NaV,05 as shown in Fig. 7.

2.2 ESR in 1D antiferromagnet with uniform DMI
Cs,CuCly is considered as a frustrated S = 1/2 quasi-2D
distorted triangular lattice antiferromagnet in the bc-plane,
but it orders into a helical incommensurate state at Ty =
0.62K.3"Y However, the spin-liquid phase in the 1D
antiferromagnetic chain along the b-axis was discussed by
ESR?® in the temperature region Ty < T < Tew = 4 K, where
Tcw stands for the Curie—Weiss temperature. Although itis a
quasi-2D system, it is associated with the effective decou-
pling of spin chains with the intrachain exchange J due to the
frustration of interchain couplings J' = 0.34J along lateral
sides of the triangle. Povarov et al.® observed the splitting of
ESR at 1.3K in the cases of H // a, ¢ as shown in Fig. 8.
They considered the Hamiltonian containing the intrachain
exchange J along the b-axis, the uniform DMI, where the
crystal structure forbids the DM component along the b-axis,

©2023 The Author(s)
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Fig. 5. (Color online) Frequency-field diagrams of ESR in KCuGaF¢'” for
(a) H// a and (b) H // ¢ configurations. The dotted line is the high-
temperature paramagnetic resonance. The open and filled symbols represent
bulk and “unknown” modes, respectively. Eg, B;, B,, and B; denote
resonances @ = E5, M, M,, and M3 by a soliton S and breathers B,
respectively. An antisoliton S also leads to @ = Ej. The labels U1, U2, and
U3 are “unknown” peaks found in Ref. 17. (a) The configuration H // a
bears the smallest 7 = ¢,H with the coefficient ¢, = 0.031. An excitation
@ = M| + Mpgs is found in addition to the bulk excitations. (b) The
configuration H // ¢ bears the largest staggered field with ¢ = 0.178. This
large ¢y makes the rich kinds of boundary mode detectable. The labels BB,
Z*BlfBB, and B27B1+BB denote @ :MBBSa 2M] _MBBS’ and Mz—
M; + Mggs, respectively. This figure is taken from Ref. 19. © (2012)
American Physical Society.

and the Zeeman term. Then, the DMI can be gauged away
from the Hamiltonian by the position-dependent rotation of
the angle tan(a) = —D/J,%%? and to the linear order in D/J,
the ESR response of this model coincides with that of an
isotropic Heisenberg chain.” Considering the ESR absorption
from the transverse structure factor of the chain, the splitting
of the ESR lines into two at the I" point as

hvy = |gupH + nD /2| )

is obtained for H // D, and it is schematically interpreted in
Fig. 9.8 This result is also consistent with Fig. 8. A similar
splitting of ESR is also observed and discussed at 0.5 K and
H // D for a very typical quasi-1D S = 1/2 antiferromag-
netic chain single crystal K,CuSO,4Br,, which has Ty = 70
mK and Tcw = 20K, and the chain along the a-axis.>®
The typical ESR result observed at 0.5 K is shown in Fig. 10,
and it can be interpreted using Eq. (8) with D = 0.27K at a
low magnetic field, which is along the b-axis. However, the
deviation from Eq. (8) was notable in Fig. 10 at a high
magnetic field. Recently, Povarov et al.*» have suggested
that this deviation at a high magnetic field can be interpreted
by considering the interacting spinon liquid instead of the
Fermi gas [Eq. (8)], which was suggested by the recent
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Fig. 6. (Color online) Frequency-field diagram of Cu benzoate up to 30 T.
The mode above the saturation field is also marked as Bj,, although the
nature of the excitation is different from the B;, observed below the
saturation. X, is assigned to the transition between B;, and B,,. The
diamonds show the result of the DMRG calculation for the c-axis.””’ The
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respectively, which are calculated using Eq. (3)*® in Ref. 21. The dashed
blue curve is the B; calculated using Eq. (2)*® in Ref. 21. All theoretical
curves are plotted up to 0.97H,, where H is the saturation field. This figure
is taken from Ref. 21. © (2006) IOP Publishing Ltd and Deutsche
Physikalische Gesellschaft.
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Fig. 7. Temperature dependence of ESR linewidth in KCuF;, CuGeOs,
and NaV,0s. The data are from Refs. 28, 29, and 30, respectively. The
horizontal axis is the temperature 7' normalized by the exchange coupling J,
and the vertical axis is the normalized linewidth. This figure is taken from
Ref. 5. © (2002) American Physical Society.

interacting spinon theory®® including the backscattering
interaction. Moreover, a similar splitting of ESR was also
observed for H // b (D direction of the uniform DMI) at
1.8K in the quasi-ID S = 1/2 antiferromagnetic chain
single-crystal Na,CuSO4Cl, with the intrachain exchange
interaction J = 14.2 K along the a-axis and Ty = 0.54 K.>®
The estimated D = 1.01 K from Eq. (8) is obtained by ESR
fitting, and it seems to be acceptable with the estimated
D = 1.63K from Eq. (2) using the observed g-values g, =
2.07, g» = 2.23, and g. = 1.99.3® These examples show that
the fine details of spin excitation spectra at small momenta
studied by ESR are strongly affected by the uniform DMI in
the 1D S = 1/2 antiferromagnetic chain.

©2023 The Author(s)
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D/ Ja,

D=0 "

Fig. 9. (Color online) Spinon spectrum of S = 1/2 Heisenberg chain for
g ~ 0 with (solid lines) and without (dashed lines) DMI. When H // D, the
momentum is boosted by g = D/Jay, where a is the lattice spacing. This
figure is taken from Ref. 8. © (2011) American Physical Society.

DMI in Cs,CuCly has another unique effect on ESR. The
exchange paths in the bc-plane are shown in Fig. 11(a), and
the exchange Hamiltonian of the system can be described by
the exchange interactions J and J’. Two ESR modes A and B
were observed at low temperatures as shown in Fig. 12.37
Mode A corresponds to the collective excitation of spins with
the frequency wa ~ goupH/hfor H // b above Hg, = 8.89 T
and can be interpreted as uniform k = 0 precession of spins
around the field direction, whereas the much weaker mode B
appears at H > Hg, which can be described empirically
as fiwg = goupH — Ap. Therefore, Ag/(2zh) = 119.0 GHz
(Ag/kg =5.71K) is obtained from the ESR results in
Fig. 12. Zvyagin et al.>” discussed the origin of mode B at
H > Hg,. They suggested that the reduced translational
symmetry of the copper layers in Cs,CuCly by the staggered
DM vectors®® leads to the folding of the Brillouin zone of
a simple triangular Bravais lattice as shown in Fig. 11(b).
As a result, the ESR transitions are allowed not only for
k =0 (mode A) but also for k. = 2z/c (mode B). Then,
considering the dispersion of the magnetic excitations for the
S = 1/2 antiferromagnet in the saturated phase, they came
up with a simple result, that is, the difference between the
excitation energies of modes A and B [Fig. 11(b)] is equal
to

081003-5
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Fig. 10. (Color online) Main panel: frequency-field diagram of K,CuSO4-
Br, for H//D at 0.5K. The dotted line represents the paramagnetic
resonance. Upper inset: low-frequency part of frequency-field diagram. The
dashed lines present the theoretical prediction (8) for D = 0.27 K. Lower
inset: resonance shift from the paramagnetic frequency for H // b at T =
0.5 K. The dashed lines are drawn according to the theoretical prediction (8)
for D = 0.27 K. The solid lines are guides to the eye. This figure is taken
from Ref. 33. © (2015) American Physical Society.
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Fig. 11. (Color online) (a) Schematic of exchange paths in bc-plane of
Cs,CuCly. (b) Dispersion of magnon excitations for a § = 1/2 Heisenberg
antiferromagnet with triangular lattice in saturated phase for an arbitrary
magnetic field. The solid blue line is the dispersion of magnon excitation
in the exchange approximation. The magnon dispersion within the folded
Brillouin zone is shown by the dashed red line. Arrows A and B correspond
to the observed ESR transitions. This figure is taken from Ref. 37. © (2014)
American Physical Society.

Aw = Ag =4J, ©)

which gives J'/kg = 1.42K. Knowing J', J can be
determined from the saturation field using the expression

gounHe = 2J(1 +J' /207, (10)

which gives J/kg =4.7K (J'/J=0.30). These values
obtained from the ESR results are in good agreement with
the estimated values J/kg = 4.34K, J'/kg = 1.48 K, and
J'JJ = 0.34%) from the neutron scattering experiments in the
saturated phase. Therefore, owing to the very peculiar DMI in
Cs,CuCly, the observation of ESR modes above Hg, and the

©2023 The Author(s)
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Fig. 12. (Color online) Frequency-field diagram of ESR excitations in Pressure (GPa)

Cs,CuCly measured at 0.5K (squares) and 1.5K (circles for H // b). The
dashed lines correspond to fit results. The linewidth of mode B vs field is
shown by triangles; the solid line is a guide for the eye. The inset shows an
example of the ESR spectrum (mode B) taken at 178.3 GHz (T = 0.53 K);
the solid line corresponds to a Lorentzian fit. This figure is taken from
Ref. 37. © (2014) American Physical Society.
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Fig. 13. (Color online) Pressure dependence of ESR excitations in

Cs,CuCly (T=19K, H // b). (a) Frequency-field diagrams of ESR
excitations at different pressures. The data denoted in black are taken from
Ref. 37 (T = 1.5K, 0GPa). The dashed lines correspond to the fit results.
The inset shows a schematic of magnetic sites and exchange couplings in a
triangular layer of Cs,CuCly. (b) ESR spectra (mode B) taken at 330 GHz at
different pressures (the spectra are offset for clarity). This figure is taken from
Ref. 40. © (2019) The Author(s).

determination of Hg, by magnetization measurement will be
a very precise and easy method in comparison with the
neutron measurement to determine J and J' in Cs,CuCly.
Using this advantage, the pressure dependences of J and J’
in Cs,CuCly are studied with a high-pressure THz ESR
system*” installed at the High Field Laboratory at Tohoku
University using the hybrid transmission-type pressure cell
developed at Kobe University*" and the 25T cryogen-free
superconducting magnet developed at Tohoku University.*?
Figure 13 shows the pressure dependence of ESR excitations
in Cs,CuCly (T = 1.9K, H // b). A clear shift of mode B is
observed by applying pressure. J' is precisely determined
using Eq. (9). J' increased linearly and showed a significant,
almost 70%, increase at 1.92 GPa.*? A linear increase in Hy
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Magnetic field (T)

Fig. 14. (Color online) Pressure evolution of magnetic properties of
Cs,CuCly obtained by TDO technique (7' = 350 mK, H // b). (a) Pressure
dependence of TDO frequency changes Af/f in response to magnetic field
(the data are offset for clarity). (b) Dependences of TDO frequency anomalies
on applied pressure. The calculated exchange coupling ratio J'/J is shown on
the top scale. Lines are guides for the eye. This figure is taken from Ref. 40.
© (2019) The Author(s).

with pressure was also observed by a tunnel-diode-oscillator
(TDO) technique as shown in Fig. 14. J is determined using
Eq. (10) and the obtained Hg, and J’, and the empirical
equation J'/J = 0.294 + 0.067P, where P is the applied
pressure (GPa), is obtained. For 1.8 GPa, the obtained values
are J'/kB =2.28K, J/kB =5.47K, and J'/J = 0.42, in-
dicating a 40% increase in J'/J ratio. Moreover, new
magnetic phase transitions C and D under pressure were
observed as shown in Fig. 14. These anomalies are
speculated as transitions into the double- and single-cone
phases, respectively;*” theoretical confirmation using the
precisely determined J and J’ in the S =1/2 distorted
triangular lattice antiferromagnet is required.

2.3 Singlet—triplet ESR transitions in quantum spin systems

Considering the isolated S = 1/2 antiferromagnetic dimer,
the energy levels will split into the ground singlet and excited
triplet states, whose energy splitting is called the spin gap. In
principle, the direct ESR transition between the singlet and
triplet states is forbidden because the transition probability
between these states is zero for the magnetic dipole transition
from the fundamental quantum mechanical discussion, which
comes from the conservation of the total spin quantum
number. However, in real magnetic systems, many such
direct ESR transitions are observed owing to the interactions
discussed below, including inter-dimer exchange interac-
tions, and these observed direct ESR transitions will give
clear direct information to understand the energy structures in
the quantum-gapped spin systems. Moreover, these inter-
dimer interactions give rise to the field induced magnetic
ordered state, in other words, the Bose—Einstein condensation
of magnons.*® For instance, the direct ESR transition
between the singlet and triplet states is observed in the
S = 1 1D Haldane system Ni(C,HgN;),NO,ClO4 (NENP),*¥
non-organic  spin-Peierls system CuGeOs3,* spin-dimer
systems TICuCl; and KCuCls,*® distorted diamond chain
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antiferromagnet Cu3(CO3),(OH), (Azurite),*” quasi-1D spin
gap system Cu,Cly-HgCyS0,,*® and 2D orthogonal dimer or
Shastry—Sutherland model substance Sr»(BOs),,*” by high-
frequency ESR measurements.

The detailed mechanism of the observed singlet—triplet
ESR transition has not yet been totally understood for each
system. However, there are at least three proposed models to
interpret the observed ESR results. They are

1) the magnetic dipole transition due to the mixing of the

singlet and triplet states by DMI or staggered magnetic
fields,>%->D

2) the electric dipole transition coming from a dynamical

DMI induced by the ac electric field,” which is based
on the recent discussions of spin-driven ferroelectricity
in magnetoelectric multiferroic materials related to the
vector spin chirality,’>> and

3) a phonon-assisted mechanism for the electric dipole

transition.>®>”)
Some examples on models 1) and 2) will be discussed in the
following.
First, we will talk about model 1). Since Haldane

predicted®® that 1D integral-S Heisenberg antiferromagnets
have a gap in the excitation spectrum, it has been supported
by many theoretical and experimental studies. In particular,
Ni(C,HgN;),NO,(ClOy4), abbreviated as NENP, is considered
as a typical material of the 1D § =1 Heisenberg anti-
ferromagnet, the Haldane chain.’*?) Considering the field
dependence of the gap in NENP observed by ESR measure-
ment,** Sakai and Shiba numerically calculated the field
dependences of the energy and wave function of the ground
and first excited states of the 1D S =1 antiferromagnetic
Heisenberg Hamiltonian with a transverse staggered field.’?
They used the exact diagonalization based on the Lanczos
algorithm up to the system size N = 14. They showed that
the staggered field made the ESR absorption possible from
the ground state at k = 0 to the lowest excited state k = 7 in
NENP. Their results qualitatively agree with the ESR, NMR,
and heat capacity measurement results, and they can explain
especially the field dependences of the energy gap and
intensity of ESR. This is the first suggestion that the
staggered field can be the origin of the direct transition. In
the case of NENP, the origin of the staggered field is
considered as the alternate in the inclination of the g-tensor
of the Ni?* ions, which was revealed by NMR measure-
ment.5V

Now, we talk about Sakai’s selection rule of DMI. The
direct singlet—triplet ESR transition was observed* for the
inorganic compound CuGeOs in the spin Peierls phase.®®
As DMI was proposed as a possible origin of the direct
transition,®® Sakai et al. calculated and discussed the
selection rules related to DMI and its application to the spin
Peierls compound CuGeO3.%Y Considering two antiferro-
magnetically coupled S = 1/2 spins system

H=JS1-S2+D - (S1xXS2)—H-(S1+S52), (A1)

the following selection rules can be obtained.®> Here, J, D,
and H are the exchange interaction, D vector, and external
magnetic field, respectively.

(DM-1) h(r) L H // D: I independent of H

(DM-2) h(¢) // H L D: I dependent on H

(DM-3) h(z) // H // D: 1 = zero

081003-7

Table I. Seclection rules for DMI in the case of D* = DY = 0 and D* # 0.
This table is taken from Ref. 65. © (2020) Springer-Verlag GmbH Austria.
H //x H/y H/z
k// x 0 D I
kj/y D 0 I
k/z D D I

“D” means the finite intensity dependent on H.
“I” means the finite intensity independent of H.
“0” means no intensity.
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Fig. 15. (a) Energy gaps and (b) ESR intensities plotted versus external

magnetic field parallel to intrachain DM vector (D // H // z, D* = DY =0,
and D* #0). 1* is the intensity for h(r) // . This figure is taken from
Ref. 64. © (2000) The Physical Society of Japan.

Here, h(r) is the magnetic field component of the electro-
magnetic wave. These selection rules can be modified to
experimental configurations as follows. Here, the wave
vector of the electro-magnetic wave k is always k L h(7).
(DM-A) Faraday configuration: k // H
IX(F) . Iy(p) : IZ(F) = (DX)2 : (Dy)2 : (DZ)2
I*F): Direct ESR intensity for H // a
(DM-B) Voigt configuration: k 1 H
(@) H // D [rule (DM-1 or 3)]: I independent of H
(b) H L D [rule (DM-2)]: I dependent on H

These selection rules are summarized in Table I. Considering
CuGeO3s, Sakai et al. made the numerical diagonalization
calculation on the cluster of 16 § = 1/2 spins with DMI and
the alternated intrachain exchange interactions reflecting the
spin Peierls distortion.* Figures 15 and 16 show the
calculated results in the case of intrachain DMI of D* =
DY =0 and D*# 0.°Y The calculated results considering
only DMI are qualitatively consistent with the selection rules
for the experimental configuration discussed above for the
two coupled S =1/2 spins system. The calculated ESR
intensities were discussed with the experimental ESR
intensities, which are summarized in Tables II and 115104
As a result, D* seems to play a dominant role in the ESR
intensities with a small contribution of D* considering the
diagonal part in both tables. However, the inclusion of the
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Table II. Numerical result of ESR intensity for direct transition between 400
ground and first excited states obtained by Sakai.’" The x-, y-, and z-axes
correspond to the a-, b-, and c-axes of CuGeOs, respectively. S, M, and W
denote that the intensity of the transition is strong, moderate, and weak, 200
respectively. This table is taken from Ref. 51. © (2003) The Physical Society
of Japan. . 1 . .
Polarization H//x H/y H/z 10 15 20 25 30
e M M M B (T)
ki y S w M
k/ z S M S Fig. 17. (Color online) Frequency-field plot of SrCuy(BOs3), at 1.6K for
(a) B // cand (b) B // a. O, T, Q, B, M are one-triplet, tripletBS, quintetBS,
new signal, and paramagnetic like signal, respectively. The subscript W
denotes weak signals that are not well classified. The solid line shows the
Table III.  Experimental result of ESR intensity for direct transition  paramagnetic resonance line (v = gugH, v: frequency, g: g-value). The

between ground and first excited states, which was observed in the
measurement on CuGeO; by Nojiri et al.*? This table is taken from
Ref. 51. © (2003) The Physical Society of Japan.

Polarization H//a H /b H |/ c
k//a M M M
k/j/b M w S
kjc S w S

staggered field by the alternation in the inclination of the g-
tensor of the Cu* ions is really required to interpret the off-
diagonal part of the experimental Table III in comparison
with Table 13D Therefore, CuGeQOs seems to be not an ideal
system to discuss the direct transition only on the basis of
DMI and further detailed study is required. On the other
hand, the quasi-1D spin gap system Cu,ClyHgC4SO,*® may
be a good example of the DM rule (DM-A). Cu,Cly-HgC4SO,
is an §=1/2 alternating AF chain (J'/J =098, J=
105.6 K) with a spin gap of about 160 GHz, which was
determined by frequency-dependent ESR measurements at
1.7K.*® Very anisotropic ESR intensities, I :1°:1¢ =
1:0:5.2+0.4, were observed under the Faraday config-
uration at 140GHz and 1.7K, and DM-rule (DM-A),
I 10 2 1€ = (D*)? : (DY)? : (D°)?, was applied. Therefore,

081003-8

dashed lines are eye guides. Magnetization curves taken from Ref. 68 are
also plotted. This figure is taken from Ref. 49. © (2003) The Physical
Society of Japan.

the ratio between the D-vector components is estimated to be
|D¥| : |DP| : |D¢| = 1.0: 0.0 : 2.3 +0.1. The confirmation
of the D-vector by other means will be an interesting issue to
confirm the validity of the selection rule.

The quasi-two-dimensional (2D) orthogonal dimer com-
pound SrCuy(BO3),%® is well described by the Shastry—
Sutherland model,%” in which the complete dimer state is the
exact ground state, and the spin gap between the singlet and
triplet states is determined to be 722GHz by detailed
frequency-dependent ESR measurements of the direct
transition as shown in Fig. 17.* Nojiri et al.*” and Sakai’"
discussed the DMI in SrCu,(BOj3), from the selection rule
of observed ESR intensities. An intradimer DMI: Dy //
ab-plane, the c-axis and ab-plane components of interdimer
DMI: (D, and Dy, respectively) and a staggered field, all of
which are allowed to exist owing to the crystal structure of
SrCu,(BO3),, are considered. However, D, exists regardless
of the small buckling of the edge-shared CuQO, planes,
whereas Dy and Dy, exist only when this buckling is taken
into account. Therefore, Dy and D,;, are expected to be small.
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For instance, neutron measurements estimate D. = 0.18 SrCu,(BO5), =11
meV® and D, ~ 0.3D..7” Moreover, considering the large o, o,

anisotropy of the g-value in the ac-plane (g, =2.05 and Set DT Py >
gc=2.28) and the small one in the ab-plane, a sizable dimer plaquette AF

staggered field is expected only for H // c. As the ESR
experiments were carried out in the Faraday configuration,
the DM rule (DM-A) is expected to apply. In the case of
H // ¢, the ESR intensity of O, in Fig. 17 showed no field
dependence, suggesting that D. gives rise to the constant
ESR intensity, which is consistent with the DM rule (DM-A).
On the other hand, the intensity of O,, which is much lower
than that of O;, showed a characteristic field dependence,
which is not compatible with the DM rule, and its origin
requires further study. In the case of H // a, D4 and D, have
field parallel components; the field-independent intensity
observed in the experiment is compatible with the DM rule.
Moreover, the major contribution of Dy against Dy, is
supported by the fact that the intensities of O; and O, are
almost constant when rotating an external magnetic field
within the ab-plane. Since two types of dimer are
orthogonally arranged in the ab-plane, the sum of the squares
of a field-parallel component of Dy over the A- and B-dimers
is constant for any field direction in the plane, while this is
not the case for D,,. However, the observed ESR intensity is
higher in H // a than in H // ¢, which suggests that D, < Dy
from the DM rule (DM-A). Is this acceptable for
SrCu;y(BOj3),? Can we determine Dy by other means? These
are the remaining issues concerning DMI for SrCu,(BOj3),.
The ground state of the Shastry—Sutherland model is
governed by the exchange ratio « = J'/J, where J' and J are
the inter- and intradimer exchange interactions, respec-
tively. Miyahara and Ueda estimated the parameters for
SrCu,(BO3), as J = 85K and a = 0.64 from the theoretical
calculations,’? whereas the magnetization measurement up
to 118 T using the vertical-type single-turn coil technique,
which revealed the 1/2 plateau, showed good agreement with
the numerical simulations using a = 0.63.72 Moreover,
Koga and Kawakami showed the existence of the plaquette
singlet phase (plaquette) between the dimer singlet phase
(dimer) and the antiferromagnetic ordered phase (AF) as
shown in Fig. 18.7® Therefore, the pressure tuning of a for
SrCu,(BOs3), has attracted considerable attention. However,
as the ground state of both the dimer and plaquette phases
is singlet, the magnetization measurement under pressure
cannot detect the phase transition at a.;. Therefore, the
determination of the spin gap between the singlet and triplet
states by the observation of the direct transition from THz
ESR under pressure’*” is really required because the
discontinuous first-order phase transition of the triplet state
was predicted theoretically.”® Sakurai et al.”” observed
pressure-dependent ESR signals associated with transitions
from the singlet ground state to the one-triplet excited states
and the two-triplet bound state for SrCu,(BOj), up to
2.1 GPa. The experimentally determined gaps shown in
Fig. 19 showed a clear first-order phase transition at P. =
1.85+0.05GPa,”” and the observed spin gap in the
plaquette phase was consistent with the neutron result.”
Moreover, by comparing this pressure dependence with the
calculated excitation energies obtained from an exact
diagonalization, Sakurai et al. determined the precise pres-
sure dependences for J' and J considering the DMI. This
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Fig. 18. Ground state of Shastry—Sutherland model vs exchange ratio
a=J'/J, where J' and J are inter- and intra-dimer exchange interactions,
respectively. This figure is modified from Ref. 73. © (2000) American
Physical Society.
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Fig. 19. (Color online) Pressure dependence of gaps from singlet ground
state to one-triplet excited states and two-triplet bound state for SrCu,(BO3),
determined by high-pressure ESR measurements. This figure is modified
from Ref. 78. © (2019) The Physical Society of Japan.

gives the experimentally determined a.; = 0.660, which is
compatible with 0.677 determined theoretically (Fig. 18).
This example shows how the observation of the direct
transition by ESR through DMI can reveal rich physics.

Second, we will discuss model 2). An important point of
this model suggested by Kimura et al.>? is that the coupling
between the electric polarization P and the ac electric field
E"” = Ee™™" can be regarded as a dynamical DMI as
follows:

Hpp =P -Ee™™ =d-(S;xS)e"™", (12)

where

= ZEDCllﬂ (V,H=X,y,Z)-

8%

(13)

As the DMI term in Eq. (12) has its matrix elements between
the singlet and triplet states, Eq. (12) results in a finite
probability of the electric dipole transition when /@ equals
the energy difference between these states. To test this
proposal, Kimura et al. demonstrated ESR measurements on
the KCuCl; single crystal,”® in which antiferromagnetic
dimers composed of Cu* ions with spin § = 1/2 are coupled
by weak interdimer exchange interactions, forming a three-
dimensional dimer network. In such a weakly coupled dimer
system, a spin triplet excited on a dimer propagates through
the dimer network via the interdimer exchange interaction,
which will lead to the field-induced Bose-Einstein con-
densation of the triplet excitation.®” Moreover, as a
spontaneous electric polarization, whose absolute value is
proportional to [(S; X S;)| in the ground state, was observed
in TICuCl3,3 which is isomorphous with KCuCls, the action
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Fig. 20. (Color online) Dispersion curves of triplet excitation in KCuCls
calculated on the basis of bond operator theory. The inset shows the crystal
structure of KCuClz. Two sets of triplet excitation modes are superimposed
because of the presence of two types of crystallographically different dimers I
and II in this compound. The singlet—triplet transitions A and B observed
from the ESR measurements are excited by the ac electric field for
E® 11[010] and E“ // [010], respectively. This figure is taken from Ref. 52.
© (2018) American Physical Society.
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Fig. 21. (Color online) Frequency-field plot of ESR resonance fields
observed in KCuCl; for H // [010]. Two sets of singlet—triplet transitions
A and B are observed. This figure is taken from Ref. 52. © (2018) American
Physical Society.

of P =C(S; x S;) in Eq. (12) is also expected in KCuCls.
Detailed polarized ESR measurements of the quantum spin
dimer system KCuCl; by Kimura et al.>» showed that the
observed singlet—triplet transitions A and B in Figs. 20 and
21 are driven by ac electric fields of the electromagnetic wave
through a dynamical DMI Eq. (12). As TICuCl; is iso-
morphous with KCuCls, the direct ESR transition observed in
TICuCl5* is also expected to be the electric dipole transition
through the above mechanism. However, as the high-field
magnetization measurement of TICuCl; up to 100T using
the single-turn technique®? indicated a broken particle~hole
symmetry, which is expected to be symmetric in the field-
induced Bose—Einstein condensation picture, detailed polar-
ized ESR measurements of TICuCl; may also be required to
confirm the electric dipole direct transition.

Finally, one remaining issue related to DMI will be
discussed. Kikuchi et al. proposed that Cu3(CO3),(OH),,
which is a well-known natural mineral azurite, might be the

081003-10
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Fig. 22. (a) Schematic exchange network of distorted diamond chain
model. The open circles represent S = 1/2 sites. (b) Schematic spin
configurations of ground states for § = 1/2 distorted diamond chain.
(c) Crystal structure of azurite, Cus(CO3),(OH),. The b-axis is the chain
direction. This figure is taken from Ref. 47. © (2003) The Physical Society
of Japan.

first model substance for the S = 1/2 distorted diamond
chain.?38% As the unit in the spin network of azurite shown in
Fig. 22(a) resembles the playing card diamond shape, it is
called the diamond chain. Okamoto et al.> and Tonegawa
et al.% studied the ground state of the S = 1/2 distorted
diamond chain theoretically considering the antiferromag-
netic interactions Jj, J,, and J3 in Fig. 22(a). They
determined the ground state phase diagram, composed of
ferrimagnetic (FRI), dimerized (D), and spin fluid (SF)
phases as schematically shown in Fig. 22(b). They also
suggested that the ground state of azurite is in the SF phase
considering the magnetization of azurite.?¥ However, Gu and
Su reported the finite temperature transfer matrix renormal-
ization group (TMRG) method results for the S =1/2
distorted diamond chain model, and they suggested that the
double-peak behavior of y(T) found in the experiment®¥
cannot be reproduced by the original J;, J,, and J3, but
well reproduced by the very anisotropic ferromagnetic J;3
(J3x/J3, = Jay/J3, = 1.7).8D Although such very anisotropic
Js is not typical for the Cu®* ion, their comment triggered
various discussions and experiments published in over 300
papers, especially focused on whether the ferromagnetic
exchange interaction exists because it leads to nonfrustrated
or frustrated spin system. However, it seems to have been
settled when Jeschke et al. introduced an effective general-
ized S = 1/2 diamond chain model with Jy, J5, J3, and a new
Cu monomer—monomer exchange J,,.5% With antiferromag-
netic Jy, J», J3, and Jy,, they were able to explain a broad
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Fig. 23. Frequency-field plot of Cu3(CO3),(OH), observed at 1.8K for
H // b. The major resonances D and B (large symbols) correspond to the
direct ESR transitions of J, dimers and the monomer ESR, respectively. The
dashed lines correspond to the critical fields of the 1/3 magnetization plateau.
This figure is taken from Ref. 47. © (2003) The Physical Society of Japan.

range of experiments, including the double-peak behavior of
x(T) on azurite.8® Therefore, azurite can be considered as a
frustrated antiferromagnet. In the early stage of the research
on azurite, direct transitions related to the spin gap of
1057 GHz were observed by the high-field ESR as shown in
Fig. 23.47 The observed direct ESR transitions D can be
considered as coming from the J, dimer in a simple scheme
of the SF phase because DMI can exist at the J, dimer from
the crystallographic symmetry. On the other hand, the
magnetization of azurite at 1.5 K showed a very anisotropic
1/3 plateau where plateau regions were 16-26T for H // b
and 11-30T for H L b as shown in Fig. 243 As such a
large anisotropy is unusual for the Cu’* ion system without a
single ion anisotropy, DMI is considered as the only possible
origin where the existence of DMI is also suggested by the
small slope in the 1/3 magnetization plateau shown in
Fig. 24 and the observation of the direct ESR transition from
the J, dimer. Therefore, the theoretical calculation of
magnetization was performed assuming that the D vector of
the DMI is perpendicular to both the J,-dimer bond and the
b-axis, on the basis of approximate crystallographic mirror
planes.®¥ Although the actual crystal structure of azurite is
monoclinic, “approximate” comes from the fact that f =
92.2°. The calculated result can explain the anisotropic
magnetization results in Fig. 24 provided that the DMI of
D =0.3J, is present in azurite.®® Although (Ag/g)J> =
(0.06/2)J,? obtained from ESR results near room temper-
ature*” may be underestimated because obtained g-values
are the average of two different diamond chains, Ag = 0.6
corresponding to D = 0.3/, appears very large for the
typical Cu®* ion. Moreover, the intensity ratio I* : I’ : I¢ =
6:10:10 is obtained by ESR measurement under the
Faraday configuration.®® Although two different diamond
chains exist in azurite, D® seems to be comparable to D* and
D¢ by applying the selection rule (DM-A), which is in
contrast to the assumption made for the magnetization
calculation. In summary, the interpretation of the anisotropic
1/3 magnetization plateau observed in azurite is still a
remaining issue.
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Fig. 24. High field magnetization curves of Cu3(CO;),(OH), measured
below 4.2 K. The magnetic field was applied (a) along and (b) perpendicular
to the b-axis. This figure is taken from Ref. 84. © (2005) American Physical
Society.

3. Exotic Quantum Spin Systems and DMI

3.1 S = 1/2 kagome lattice antiferromagnets: Ground state
selected by DMI

As a high geometrical frustration is expected for the
kagome antiferromagnet whose name “kagome” comes from
the woven-bamboo pattern of the Japanese bamboo basket,”
it has attracted considerable attention theoretically and
experimentally, and it may be a good candidate for a
quantum spin liquid (QSL) in the case of S = 1/2.°V DMI,
which is expected in the model substances of kagome lattice
antiferromagnets due to the crystal symmetry, may also play
an important role in determining the magnetic properties
of §=1/2 kagome lattice antiferromagnets. Cépas et al.
discussed the role of DMI in the S = 1/2 kagome lattice
antiferromagnet ZnCu3(OH)gCl; (herbertsmithite) theoreti-
cally.’” At that time, ZnCu3(OH)4Cl; attracted considerable
attention as “a perfect kagome lattice”.**°¥ By the exact
diagonalization (ED) method up to N = 36, they suggested
that the system has no magnetic moment for D < D, = 0.1J
and has Néel order for D > D, as shown in Fig. 25, where
D is the component of the D vector perpendicular to the
kagome plane and J is the nearest-neighbor exchange
interaction in the kagome plane.”” To obtain a simple
understanding of the occurrence of a Néel phase, a simple
physical picture was given by Cépas et al. On a triangle,
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Fig. 25. Néel order parameter as a function of D/J obtained from

extrapolations to infinite size in exact diagonalization calculation. This figure
is taken from Ref. 92. © (2008) American Physical Society.

three Heisenberg quantum spins 1/2 form a quartet and
two degenerate low-energy doublets, and DMI lifts the
degeneracy and selects the doublet with the (vector)-
chirality opposite to D. As D/J = 0.08 is estimated for
ZnCu3(OH)eCl5 from D = 15K obtained by ESR measure-
ments,” Cépas et al. suggested that this is compatible
with the absence of a static moment (QSL-like)’ in
ZnCu3(OH)¢Cl;. However, as it is known that about 15%
of Zn** ions separating the kagome planes in ZnCu3(OH)¢Cls
have site exchanges with Cu®* ions,’® they will give random-
bond exchange interactions in the kagome plane. Therefore,
we would like to suggest an other possibility about the
ground state of ZnCu3(OH)¢Cl; suggested by Shimokawa
et al.”” From the ED method up to N =30, Shimokawa
et al. suggested that the QSL state observed in herbertsmi-
thite might indeed be the randomness-induced QSL state, i.e.,
the random-singlet state.

Therefore, we need better ideal model substances for
S=1/2 kagome lattice antiferromagnets. Volborthite
Cu3V,07(0OH),2H,0%® and vesignieite BaCu3V,0g(OH),””
were proposed as model substances by the Hiroi group at
ISSP. However, a recent theory suggests the coupled trimer
model for volborthite,'” which can interpret a wide 1/3
plateau observed in the magnetization measurement of a
single crystal up to 182 T using the Faraday rotation'°) and
the spin nematic phase just above 26.3T suggested by
thermal measurements in high pulsed magnetic fields up to
33 T.'92 Furthermore, Furukawa and Momoi studied the
effects of DMI in volborthite and showed that for a magnetic
field perpendicular to the kagome layer, magnon excitations
from the 1/3-plateau feel a Berry curvature due to the DMI,
giving rise to a thermal Hall effect.!®® On the other hand,
Okamoto et al.”® suggested a gapless spin liquid for
vesignieite from magnetic susceptibility and heat capacity
measurements of a polycrystalline sample, which seemed
consistent with the increases in g-value and linewidth below
20K down to 1.9K observed by high-field ESR.!*
However, as the quality of the polycrystalline sample
increased, a long-range order was found at 7y = 9K, and
the importance of DMI in the system was discussed.!>19)
Therefore, the linewidths and line shifts observed by ESR
were analyzed, and the DMI components were estimated.'?”
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Fig. 26. (Color online) Temperature dependence of magnetic suscepti-
bility in Cs,CusSnF),. The dashed line denotes the result obtained by exact
diagonalization for a 24-site uniform kagome cluster with J = 20.7 meV and
g = 2.49, whereas the solid line denotes the result obtained for a 12-site
distorted kagome cluster with J,yef = 19.8 meV and the same interaction
coefficients as those obtained from the analysis of spin-wave dispersions with
dy =0 and g = 2.43. This figure is taken from Ref. 109. © (2014) The
Physical Society of Japan.

Then, the dominance of in-plane DMI anisotropy was
suggested, and it was proposed to strongly suppress quantum
spin fluctuations and thus to promote long-range ordering
rather than a spin-liquid state. This example also shows the
importance of DMI in kagome lattice antiferromagnets.'%”
Ono et al. suggested Cs,CuSnF;; as a new model
substance of the S = 1/2 kagome lattice antiferromagnet.'®®
The major advantage of Cs,CuSnF); is that they can obtain a
large plate-like single crystal in the order of a few cm, which
can be studied by inelastic neutron measurements and has
no site exchange similar to herbertsmithite. The magnetic
susceptibility measurement showed magnetic ordering at
T~ = 20K, which can be explained by DMI as discussed
below.!®® Although the kagome plane is slightly distorted
below Ty = 185K owing to the structural phase transition,
J;{}gg = 19.8meV (230K) is estimated from the magnetic
susceptibility result for H // ¢ as shown in Fig. 26 using the
theoretical result obtained by exact diagonalization for the
12-site kagome cluster.'’” The spin-wave dispersion, which
was obtained by inelastic neutron scattering, was analyzed
on the basis of the linear spin-wave theory using the spin
Hamiltonian including the nearest-neighbor (NN) and next-
nearest-neighbor (NNN) exchange interactions J;; and J,
respectively, and DMI (DM model).'"” The average spin-
wave exchange interaction vavg =W +Jn+Ji3+J1s)/
4 =12.1meV and the out-of-plane DM factor d, = Dg /
Jij = —0.29 were obtained from the best fit (solid lines)
shown in Fig. 27. The obtained d, = —0.29 clearly shows
that the origin of the magnetic ordering at 7y = 20K for
Cs,CuSnFy; is DMI from Fig. 25. Furthermore, Ono et al.
pointed out a large quantitative disagreement between
vavg =12.1meV and Jf = 19.8meV, where Ji:# is too
large to interpret the spin-wave dispersion as shown in
Fig. 27, and suggested the negative renormalization factor
R =JSV/Jme = 0.61) in Cs,CuSnF,.!"” On the other

avg /Yavg
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Fig. 27. (Color online) (a, b) Experimental data and calculated spin-wave

dispersions along two high-symmetry directions denoted by thick red lines in
(c). The open symbols indicate the data measured around (2,2, 0), whereas
the closed symbols indicate the data measured at the equivalent point around
(0,2,0). The solid lines denote the best fit obtained using the DM model, and

the dotted lines denote dispersions with Ji¢# = 19.8 meV obtained from the

magnetic susceptibility together with the remaining parameters equivalent
to the best fit. (c) Calculated energy-integrated scattering intensity of
CsyCuySnFy,. This figure is taken from Ref. 109. © (2014) The Physical
Society of Japan.

hand, most S = 1/2 quantum spin antiferromagnets without
frustration show the positive renormalization factor R
reflecting the quantum effect. For instance, the S =1/2
one-dimensional Heisenberg antiferromagnet shows R =
n/2 = 1.57 (de Cloizeaux and Pearson mode),"'” which
is confirmed by the neutron measurement of CuCl,.
2N(CsDs),''V and R = 1.21 is reported for an S =1/2
square-lattice antiferromagnet,''” while R = 0.90 is esti-
mated for the S =5/2 kagome Ilattice antiferromagnet
KFe3(OH)4(SOy4), using the exchange constants determined
from the dispersion relations''® and magnetization and ESR
measurements.!!¥ Here, R is expected to approach R = 1 as
the spin quantum number S is increased to the classical limit.
Therefore, the suggestion by Ono et al.,!® in which the
negative renormalization factor (R = J5Y/Jme = 0.61)
found in Cs,CuSnFj, is the universal character of the
kagome lattice antiferromagnet even it undergoes the
magnetic order below 7Ty = 20K by DMI, appears very
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Fig. 28. D 1 kagome plane. The spins lie in the kagome plane and the
sign of D, selects the chirality x, where k = —1 for D, > 0 and x = +1 for
D, < 0. Here, the convention for chirality is that the spins in the cross
products appear to rotate anticlockwise around the hexagons. There is a
global rotational degree of freedom around the z-axis. This figure is taken
from Ref. 115. © (2002) American Physical Society.

interesting and requires further study in different model
substances.

3.2 Role of DMI in S = 3/2, 5/2 kagome-lattice
antiferromagnets: Determination of DMI by high-field
ESR
To understand the peculiar physical properties of S = 1/2
kagome-lattice antiferromagnets, fundamental studies on
classical Heisenberg kagome-lattice antiferromagnets, where
the 120° spin structure is stabilized at low temperature,
together with the role of DMI are also required. Considering
the model substances Fe (S = 5/2) and Cr (§ = 3/2) jarosites
in mind, Elhajal et al. studied low-temperature magnetic
phases through mean-field approximation and -classical
Monté Carlo simulations considering mainly the nn exchange
interactions and DMI (D - (S; x SJ-)).HS) In the case where D
is perpendicular to the kagome plane, the system undergoes a
phase transition to a long-range ordered state. As all spins lie
in the kagome plane, DMI acts similarly to an easy-plane
anisotropy. Since it is a q = 0 structure, all triangles have the
same magnetic structure. Depending on the sign of D,, two
chiralities are found as shown in Fig. 28. However, in the
case of D in the kagome plane, all spins have the same out-
of-plane z component, giving rise to weak ferromagnetism
perpendicular to the kagome plane. In this case, there is no
longer a global rotational degree of freedom, and DMI acts
more similarly to an easy-axis anisotropy. Now, a competi-
tion between exchange and DMI exists, and it induces the
angle between the spins and the kagome plane, which
depends on D/J. In the general case where D lies in the plane
perpendicular to the exchange bond, which is the mirror
plane between two sites according to Moriya’s rule, the
ground state depends on D,/J and D,/J as summarized in
Fig. 29. Therefore, the determinations of D, and D, will be
important for the experiments on the model substances.
Antiferromagnetic resonance (AFMR) measurement using
multifrequency high-field ESR is a powerful means of
determining magnetic anisotropies including DMI precisely.
Therefore, Fujita et al. performed AFMR and magnetization
measurements at 1.3 and 4.2 K, which is below Ty = 65K,
using pulsed magnetic fields up to 50T on a
KFe;3(OH)6(SOy4), (Fe-jarosite) single crystal, which is
considered as the model substance of the S = 5/2 kagome-
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Fig. 29. Ground states obtained for different values of J (isotropic
exchange), D,, and D, (in-plane and out-of-plane components of D,
respectively). n is the angle between the spins and the kagome plane. This
figure is taken from Ref. 115. © (2002) American Physical Society.

lattice antiferromagnet.!'¥ As the Weiss temperature © =
—800 K is obtained by magnetic susceptibility measurement,
the frustration parameter f = |®|/Ty is about 12, indicating
that this compound is highly frustrated. AFMR and magnet-
ization results were analyzed using the DM model consid-
ering the exchange interactions, DMI, and Zeeman term. Six
sublattices were considered below the magnetic transition
H. = 16.4T owing to the weak antiferromagnetic interlayer
coupling, while three sublattices were considered above H..
The calculation can interpret the experimental results very
well as shown in Fig. 30 with parameters J = 42.3K, D, =
1.62K, and D, = 1.97K."" These parameters clearly
suggest the spin structure (a) in Fig. 29, which is consistent
with the powder neutron result suggesting the q =0
structure.!'® Here, note that the definition of chirality is
different between Refs. 116 and 115 as clockwise or
anticlockwise, while the conclusions are the same. The
parameters D, = 2.29K and D, = 2.27 K, which are rather
consistent with those of Fujita et al.,1'% were also obtained
by single crystal neutron scattering measurement,''® but
the results obtained by Fijita et al. have some advantages
considering the error bars of the measurements. As
D, =1.62K and D, = 1.97K obtained from AFMR give
|D| = 2.55K, Fujita et al.'!» discussed the order of magni-
tude from |D| = (Ag/g)J.? As g, = 2.01 and g. = 2.00 are
obtained by ESR measurements at room temperature, which
are reasonable for Fe’* ions with the orbital momentum
L =0, the estimated value |D|= (Ag/g)J=0.275K is
obtained. This estimated value is one order of magnitude
smaller than |D| = 2.55 K, which seems to be the remaining
issue.

Cr-jarosite is an almost ideal compound for the model
substance of the kagome-lattice antiferromagnet because it
shows no ion exchange or lattice distortion, which are often
seen in Cu-based or other Cr-based kagome lattice model
substances. However, the previously reported magnetic
properties of Cr-jarosite have been rather controversial,
reflecting the difficulty in preparing high-quality samples,
where a significant deficiency of Cr atoms, that is, 76%!''” or
95%''"® Cr occupancy, was suggested by neutron studies. On
the other hand, no evidence of defects in Cr sites was
obtained by an X-ray diffraction study for a Cr-jarosite
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Fig. 30. (Color online) Comparison of magnetization curve and ESR
modes of Fe-jarosite [KFe3(OH)s(SO4),] between experiment and

calculation for DM model. (a) Solid and broken lines represent the
experimental (4.2K) and calculated (0K) magnetization curves,
respectively. (b) Frequency-field plot of resonance fields taken at 1.3K in
pulsed fields and at 1.6K in static fields for H || c. The closed and open
circles and triangles denote the resonance fields of intrinsic signals, and those
of an impurity signal and an anomaly accompanied by the magnetic
transition, respectively. This figure is taken from Ref. 114. © (2012)
American Physical Society.

[KCr3(OH)6(SO4),] single crystal synthesized by Okuta
et al.''” Using this high quality single crystal, Okuta et al.
estimated the NN exchange interaction J as 6.15 K from the
analysis of the magnetic susceptibility and revealed the
spontaneous magnetization of 0.05ug/Cr along the c-axis
(perpendicular to the kagome plane) below Ty = 4.5 K.!19
The obtained frustration parameter f = |®|/Ty is about 14,
indicating that this compound is highly frustrated. To
understand the role of DMI in this system, high-frequency
high-field ESR measurements were performed using high-
quality single crystals.'””® As rather sharp ESR absorption
lines were obtained at 265K, very precise g-values, g. =
1.9704 + 0.0002 and g: = 1.9720 + 0.0003, were obtained.
Figure 31 shows the AFMR results obtained at 1.9 K.!?” A
similar AFMR theory by Fujita et al.''* was used with three
sublattices because interlayer coupling seems to be negligible
for Cr-jarosite. The parameters obtained by AFMR analysis
are J=6.15K, D, =0.27K, and D, = 0.07K."?® The D
estimated with Moriya’s relation? using the obtained g-
values is about 0.09 K, which is comparable to the obtained
parameters. Moreover, the expected spontaneous magnetiza-
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Fig. 31. Frequency-field diagram of AFMR observed for Cr-jarosite
[KCr3(OH)s(SOy),] at 1.9K. The open circles, crosses, and open triangles
correspond to B // ¢, B // £, and polycrystal, respectively, where the c-axis is
perpendicular to the kagome plane and the £-axis, which is in the kagome
plane, is defined as the direction parallel to the edge of the triangle plane of
the sample shape. The solid lines show the AFMR theory considering the
DM interaction for B // ¢. This figure is taken from Ref. 120. © (2017) The
Physical Society of Japan.

tion along the c-axis from these parameters is 0.074 ug/Cr,
which is comparable to that of 0.05 g /Cr obtained by Okuta
et al.''” Then, the obtained parameters, D,/J = 0.011 and
D,/J = 0.044, give the ground state (a) in Fig. 29, which is
consistent with the observed weak ferromagnetism perpen-
dicular to the kagome plane. This is also consistent with the
magnetic structure in the plane suggested by the neutron
result.''® Furthermore, the angular dependence of the ESR
linewidth from B // c¢ to B // observed by X-band ESR
shows the two-dimensional character.'?” In summary, all
experimental results using the high-quality Cr-jarosite single
crystal suggest that it is a good § = 3/2 kagome antiferro-
magnet model substance. Therefore, the comparison of
dispersion relations between the S =1/2 and 3/2 kagome
antiferromagnet model substances by neutron inelastic
measurements will be a very interesting issue.

3.3 Determination of DMI in S = 3/2 honeycomb lattice
antiferromagnet BisMn,0;,(NO3) by high-field ESR

Theoretically, the honeycomb lattice antiferromagnet with
the NN exchange interaction (J;) is considered as a bipartite
lattice similar to the square lattice, and the Néel ordered state
is expected as the ground state. However, the spin frustration
effect will prohibit the magnetic order in the honeycomb
lattice if the NNN antiferromagnetic exchange interaction
(J2) is considered.!?!"!?? The ground state is disordered when
a (=J2/J1) > 1/6 and ~0.15 for classical spins and § =
3/2, respectively.'?!'?2 On the other hand, experimental
investigations were rare owing to the lack of a model
substance. Therefore, BisMn4O;,(NO3), the model substance
of the S = 3/2 honeycomb lattice antiferromagnet, attracted
considerable attention when Smirnova et al.!?® synthesized
its powder sample by the hydrothermal method. Moreover, it
showed no long-range order down to 0.4 K despite the large
|6] = 257 K (Curie—Weiss temperature 6 = —257 K), indicat-
ing strong antiferromagnetic interactions. The spin liquid
state was expected in BizMn40;,(NO;3), and it attracted
considerable attention.
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Fig. 32. (Color online) (a) Magnetization versus magnetic field in dc
(T'<10K) and pulsed field (T > 15K) for BizMnsO;5(NO3) in a
temperature range between 2 and 200K. (b) Temperature-magnetic field
phase diagram. The filled and open circles show the data points determined
from the magnetization and neutron scattering measurements, respectively.
LRO and SRO stand for the long-range and short-range ordered phases,
respectively. This figure is taken from Ref. 124. © (2010) American Physical
Society.

Then, Matsuda et al.'** found a small jump of ~0.1up/f.u.
around 6-13 T below 20K in the magnetization as shown in
Fig. 32(a). To understand this metamagnetic transition, they
also performed the neutron diffraction measurement under a
magnetic field. With the application of a magnetic field at
T = 3K, the broad magnetic intensity at H = 0T, which
suggests the short-range antiferromagnetic order (SRO), is
reduced, and the resolution-limited sharp magnetic Bragg
peaks appear above H ~ 6 T, which suggests the long-range
order (LRO) in the magnetic field.">¥ The temperature-
magnetic field phase diagram was determined as shown in
Fig. 32(b) from the magnetization and neutron scattering
measurements.'>” As the magnetic-field-induced phase
transition, in which the short-range order expands into the
long-range Néel order by applying the magnetic field,
Matsuda et al. suggested that BizMn4O,(NO3) is located
near the boundary of the order and disorder phases with «
close to 0.15. The magnetic structure at LRO is determined
as shown in Fig. 33 from the neutron diffraction measure-
ment.'?® The size of the magnetic moment is about 2/3 of
the full moment 3up for the Mn** ion. Matsuda et al. also
suggested that the field-induced transition depends on the
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Fig. 33.

structure
magnetic field-induced phase. Mn** ions in 2 X 2 X 2 unit cells are shown.
The magnetic moments lie in the ab-plane, although the direction of the
magnetic moments in the plane cannot be determined uniquely. The magnetic
interactions Jy, J,, and J, are also shown. This figure is taken from Ref. 124.
© (2010) American Physical Society.

(Color online) Magnetic of  BizMnsO;p(NO3) in

magnetic field direction because a broad signal around
1.6A™! at 10T, which is the remnant of the broad peak
observed at H = 0T in the neutron diffraction measurement,
exists.!?” Therefore, they suggested that DMI may be an
origin of anisotropy in an isotropic Heisenberg system, since
the crystal structure (P3) does not have the inversion
symmetry, and an origin of the ferromagnetic component
of ~0.1ug/fu. found in the metamagnetic phase of the
magnetization. However, the small canted component due to
DMI cannot be detected in their neutron diffraction measure-
ments because it is a powder sample.!> Finally, Matsuda
et al. roughly estimated the exchange interactions from
the relatively sharp magnetic excitation, whose maximum
extended up to 9meV, as observed by inelastic neutron
measurement at 7=55K and H=0T."*» Assuming
J2/J1 = 0.15 corresponding to the critical value and J. =
0.5J;, they obtained J; =2J.=14meV (16.2K) and
J» =0.20meV (2.3K), which were in reasonably good
agreement with the Curie-Weiss temperature of —257 K.!?¥

To clarifty DMI in BizMn40,(NO3), high-field THz ESR
was performed using the high-quality sample.'?> The quality
of this sample was higher than that of the previous one!?¥ as
confirmed by the disappearance of MnO, peaks in X-ray
diffraction and specific heat measurements and the suppres-
sion of the increase in magnetic susceptibility at low
temperatures.lzs) Furthermore, to obtain information about
the anisotropy, the magnetically aligned sample is prepared
by mixing the powder sample and epoxy resin at a static
magnetic field of 9 T at room temperature.'?> After 24 h, the
epoxy resin hardens and the magnetically aligned sample
is produced. The aligned direction is confirmed to be
perpendicular to the c-axis by X-ray measurement. The
typical ESR spectrum observed at 315 GHz is shown in
Fig. 34.2Y A comparison of the powder and magnetically
aligned samples in Fig. 34, clearly shows that the w,
mode comes from the H perpendicular c-axis (H //
aligned direction) component, whereas the @, mode comes
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Fig. 34. Typical ESR spectra of Bi3Mn4O;,(NO3) observed at 315 GHz.
The magnetic field is applied along the aligned direction in the case of the
magnetically aligned sample. The sharp absorption lines observed around
11.2T are diphenylpicrylhydrazyl (DPPH), which is the standard of g = 2.
The solid and open circles correspond to the w; and @, modes, respectively.
This figure is taken from Ref. 125. © (2012) American Physical Society.
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Fig. 35. Frequency-field diagram of BizMn4O;,(NO3) obtained at 1.8 K.
The solid and open circles correspond to the w; and @, modes, respectively,
shown in Fig. 34. The solid line shows the AFMR mode [Eq. (14)] with
Hpm =29T and 2HgH) = 0.59 T2, This figure is taken from Ref. 125.
© (2012) American Physical Society.

from the H // ¢ component. The frequency-field diagram
obtained at 1.8 K is shown in Fig. 35.>> As the w; mode at
1.8 K appears above 6T, which is in the LRO phase of
Fig. 32(b), and is shifted to the lower field side and parallel to
the paramagnetic resonance line (g = 1.974, the dashed line
in Fig. 35) in the wide-magnetic-field region of 6-19T, the
w; mode can be considered as the AFMR mode when H
is perpendicular to the c-axis. Furthermore, this peculiar
frequency-field relation resembles the AFMR mode obtained
by Pincus,'?® assuming an easy-plane-type anisotropy and
DMI with two sublattices. Here, the assumption of an easy-
plane-type anisotropy seems to be consistent with the
magnetic structure (Fig. 33) in the LRO phase. Therefore,
the obtained results are analyzed by the AFMR mode
equation'?®

(w/y)* = H(H + Hpy) + 2HgH )y, (14)

©2023 The Author(s)



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by 0 O O O on 06/13/23

J. Phys. Soc. Jpn. 92, 081003 (2023)

Special Topics

H. Ohta

where w, y, H, Hpm, Hg, and H), correspond to angular
frequency, gyromagnetic ratio, external field along the x-axis,
DM field, exchange field, and small anisotropy field in the
easy plane, respectively. Here, the xy-plane, y-axis, and z-axis
correspond to the easy plane, easy axis, and direction of the D
vector of DMI, respectively. In the case of BisMn,0,(NO3),
the z-axis corresponds to the c-axis, which is consistent with
the detailed symmetry discussion in Ref. 125. The AFMR
mode (14) can interpret the observed mode w; very well with
Hpm = 2.9T and 2HgH', = 0.59 T as shown in Fig. 35. By
using Hpy = DM, D = 1.3K is obtained by assuming the
full sublattice moment M with S=3/2. D=1.3K is
comparable to the rough estimation of 0.3 K using Eq. (2)
and the estimated exchange interaction J; = 30.7 K!?7
obtained by a quantum Monte Carlo simulation by Onishi
et al.'?”) Then, the cant angle @ is estimated to be 2.42° using
the relation tan @ = D/J;, which can be obtained on the basis
of the molecular field theory. This 8 = 2.42° gives the
0.28up /f.u. ferromagnetic component assuming a 1.8ug!'?¥
ordered moment suggested by the neutron experiment. The
0.28up/f.u. ferromagnetic component can be used to
interpret the observed magnetization jump of 0.1ug/f.u.'?¥
at the metamagnetic transition considering that the magnet-
ization measurement was carried out with the powder
sample. Finally, some discussions on the ground state of
Bi3Mn O »(NO3) at low temperatures and magnetic fields
will be presented.'?> No paramagnetic ESR was observed at
1.9K below 160 GHz, which is unusual for the system with
finite magnetic susceptibility or the finite magnetization at
low temperatures. The temperature dependences of ESR at 80
and 160 GHz show the broadening of the linewidth as the
temperature decreases, which are similar to the broadening
observed at 315 GHz in the temperature range of 11-265K as
shown in Fig. 34. The broadening of the ESR line below
160 GHz,'>> which suggests the existence of a very strong
spin fluctuation even at 1.9K, is consistent with the very
small correlation length suggested by the neutron experi-
ment.'2» However, it is unclear at the moment if this very
strong spin fluctuation at low temperatures is a sign of the
spin-liquid state because we do not have good experimental
guidelines to distinguish the spin-liquid state. Moreover,
there are also a few suggestions'?””'?® that J,/J; in
BizMn4O,(NO3) might be less than 0.15, which is incon-
sistent with the observed disordered phase at H = 0 T and the
field-induced LRO above 6 T. Therefore, the theory including
the DMI might be important to discuss the ground state of
Bi3M1’l4012(NO3).

4. Summary

DMI plays an important role in the magnetic properties of
quantum spin systems and in the ESR in them. The OA
theory of the S = 1/2 1D antiferromagnet with the staggered
field, which is partly governed by DMI, suggests rich physics
observed by ESR, such as the breather modes in the breather
regime, the peculiar (H/T)" dependences of the linewidth
(n = 2) and resonance shift (n = 3) in the spinon regime, and
the T-dependence of the linewidth above the spinon regime.
As they are confirmed experimentally by ESR in many model
substances, such as Cu benzoate or KCuGaFg, the OA theory
is rather established. Furthermore, the theory suggesting the
splitting of ESR in the S = 1/2 1D antiferromagnet with the
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uniform DMI was confirmed in Cs,CuCly, K,CuSO4Br,, and
Na,CuSO,4Cl,. Next, possible mechanisms for the singlet—
triplet ESR transitions, which are typically forbidden for the
magnetic dipole transition but observed in many quantum
spin systems, are introduced. The magnetic dipole transition
due to the mixing of the singlet and triplet states by DMI or
staggered magnetic fields and the electric dipole transition
coming from a dynamical DMI induced by the ac electric
field are examined with several experimental examples. The
selection rules based on the magnetic dipole transition due to
the mixing of the singlet and triplet states by DMI are also
discussed, while the consideration of the staggered field
coming from the staggered g-tensor is also required in many
real systems. Then, the determination of the ground state
in the strongly frustrated S =1/2 or 3/2 kagome-lattice
antiferromagnets by DMI, which exists in the kagome-lattice
from the crystal symmetry, is considered in connection with
the theoretical and experimental results of several model
substances. Finally, the role and determination of DMI
by ESR in the honeycomb Ilattice antiferromagnet
BizMn40;,(NO3) are discussed.
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