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High-pressure and high-field electron spin resonance (ESR) measurements have been performed on a single crystal of
the orthogonal-dimer spin system SrCu2(BO3)2. With frequencies below 1THz, ESR signals associated with transitions
from the singlet ground state to the one-triplet excited states and the two-triplet bound state were observed at pressures
up to 2.1GPa. We obtained directly the pressure dependence of the gap energies, finding a clear first-order phase
transition at Pc = 1.85 ± 0.05GPa. By comparing this pressure dependence with the calculated excitation energies
obtained from an exact diagonalization, we determined the precise pressure dependence for inter- (J A) and intra-dimer (J )
exchange interactions considering the Dzyaloshinski–Moriya interaction. Thus this system undergoes a first-order
quantum phase transition from the dimer singlet phase to a plaquette singlet phase above the ratio (J A=J )c = 0.660 ±
0.003.

Understanding the ground states of frustrated systems that
have a large number of nearly degenerated states is one of the
central issues in physics. The importance of frustration has
been recognized in a variety of condensed matter recently,
such as magnetic materials,1,2) superconductors3,4) and ferro-
electric materials.5,6) Quantum magnets are representative
materials exhibiting exotic ground states that arise from
competition between spin frustration and quantum fluctua-
tion.2) Among them, the orthogonal-dimer spin system of
strontium copper borate SrCu2(BO3)2 stands out markedly
from other frustration systems because of its unique spin
arrangement, known as the Shastry–Sutherland lattice.7,8) The
S ¼ 1=2 antiferromagnetic dimers arrange orthogonally in a
two-dimensional plane and also couple antiferromagnetically.
The Hamiltonian of this system is expressed as

H0 ¼ J
X

nn

Si � Sj þ J 0
X

nnn

Si � Sj ð1Þ

where nn and nnn signify nearest-neighbor and next-nearest-
neighbor, respectively. The dimer singlet state is an exact
eigenstate of this Hamiltonian (1).9) This is obviously the
ground state under the large limit of the intradimer exchange
interaction J, while the Hamiltonian (1) with only interdimer
exchange interaction J 0 is equivalent to the two-dimensional
square lattice for which the ground state is the Néel state.
There has been a long debate on an intermediate phase
between these states because strong frustration within this
system prevents theoretical analyses that approach the
quantum critical point (QCP) precisely.8,10–13)

J and the ratio � ¼ J 0=J are estimated to be J ¼ 71{85K
and � ¼ 0:60{0:6414–17) for SrCu2(BO3)2. Through intensive
studies on the intermediate phase, there is a consensus that a
QCP of an intermediate phase exists around �cðtheoryÞ �
0:68 just above the ratio of this compound and it is the
plaquette singlet phase.8,10–13) However, achieving experi-
mentally the quantum phase transition (QPT) to the plaquette
singlet phase has still been challenging.

Pressure is the only way to explore the QPT of this
compound. Measurements of the magnetic susceptibility,18,19)

NMR,20,21) X-ray diffraction,22) ESR,23,24) and inelastic
neutron scattering (INS)19) were performed under various
pressures. Temperature-dependent NMR measurements at
2.4GPa indicate a change in symmetry from tetragonal to
orthorhombic with decreasing temperature and a magnetic
phase transition at 4K.20,21) The spatially ordered state of two
kinds of dimers with different spin gaps was proposed for this
magnetic phase. In contrast, from X-ray diffraction measure-
ments for pressures up to 8GPa, a collapse of the spin gap
and the simultaneous second-order phase transition to the
plaquette state at 2GPa was proposed.22) However, the
magnetic susceptibility18) and ESR23,24) measurements below
2GPa suggest that the spin gap remains open around 2GPa.
A quite recent INS measurement also suggested that a QPT
occurs between 1.60 and 2.15GPa with remaining gap.19)

Although, from experiment, the pressure-induced phase
transition is most likely to exist around 2GPa,20,22) the
behavior of its phase transition and the high pressure phase
are still highly controversial. The most difficult point in these
experimental studies is that the quantitative change in the
exchange interaction with pressure is unclear. Zayed et al.19)

attempted an estimation of the pressure dependence of α by
fitting the calculated result to the magnetic susceptibility data
below 1GPa. However, since the large pressure drop in the
clamped-type pressure cell from room to liquid helium
temperature25) was not taken into account in this estimation,
the obtained α involves considerable error. Therefore, the
results cannot be compared directly with those from theory
with varying α.

In the present work, we have investigated the pressure
effects on SrCu2(BO3)2 from high-pressure ESR measure-
ments. We succeeded in observing the excitation gaps
directly and in obtaining precise parameter values for α and
J under various pressures that are completely free from the
pressure drop effect because the values were estimated at
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constant temperature. The system exhibits a clear phase
transition at Pc ¼ 1:85 � 0:05GPa, corresponding to �c ¼
0:660 � 0:003. The conclusion is that in a comparison with
theory12) the high-pressure phase is the plaquette phase.

The terahertz ESR measurements at high pressure and
high magnetic field have been performed by our recently
developed system.26) A hybrid-type piston-cylinder pressure
cell was used. In this study, the frequency region extends
from 0.08 to 0.80 THz. Gunn oscillators and backward
travelling wave oscillators were used as light sources. The
maximum pressure is 2.13GPa. The pressure is calibrated
from relationship between the load at room temperature and
the pressure around 3K; the accuracy is 0.02GPa.26) A single
crystal of SrCu2(BO3)2 was grown by the traveling floating
zone method. The crystal axes were confirmed from X-ray
diffraction measurements; a sample of dimensions 2 � 2 �
7mm3 cut along the a-axis was used. The magnetic field was
applied parallel to the a-axis.

Figure 1(a) shows the typical frequency dependence of the
ESR spectra with the ESR signals clearly visible (indicated
by symbols). The resonance fields are summarized in a
frequency-field diagram [Fig. 1(b)]. From the ESR measure-
ments at ambient pressure and wide ranges of frequency and
field,27) the one-triplet excited states were found to lie above
the singlet ground state and the triplet states of the two-triplet
bound states lie further above these states [see inset of
Fig. 1(b)]. In our measurements, upper (+) and lower (−)
ESR modes �E� associated with the transition from the
ground state to the one-triplet excited states and a lower ESR
mode �B� corresponding to the transition from the ground
state to the lowest branch of triplet states of two-triplet bound
states were observed. For the ESR modes �E�, they have
small splittings at zero field. This zero-field splitting can be
explained by the main component of the Dzyaloshinski–
Moriya (DM) interaction of the system, that is, the c
component of the interdimer DM interaction. The modes can
also be well fitted by h�E� ¼ j �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ ðg�BHÞ2

p
,28) where h,

ν, g, �B, and H are Planck’s constant, frequency, g-value,
Bohr magneton, and magnetic field, respectively, and j and
d are fitting parameters. From Fig. 1(b), the �E� modes are
very well fitted with the g-value fixed at g ¼ 2:05.27)

Moreover, the �B� mode is fitted by a straight line with
g ¼ 2:05.27)

In Fig. 2(a), the ESR modes �E� obtained for various
pressures are shown; they are all well fitted by the same
formula for the zero-field splitting. In Fig. 2(a), the gap
energy at zero field is reduced with applied pressures below
1.75GPa but begins to increase at 1.95GPa. Figure 2(b)
presents the pressure dependence of the gap energies at zero
field, �0E� (¼ j � d) and �0B�. With increasing pressure, a
reduction in the gap energy is seen with a discontinuous jump
at 1.95GPa. Thus, we determined the transition pressure as
Pc ¼ 1:85 � 0:05GPa. Here we can exclude the possibility
that this phase transition arises from a structural phase
transition because the X-ray diffraction measurements
obtained with applied pressures did not show any sign
suggestive of a structural phase transition around 2GPa.22,29)

All absorption lines tend to be broadened around Pc as
pressure increases. This is why the ESR mode �B� could not
be identified above 1.51GPa as its intensity is weaker than
those of modes �E� [Fig. 1(a)], although it is not clear yet
that this broadening comes from the intrinsic nature in this
transition or the pressure inhomogeneous distribution.

We next extracted the exchange interactions from the
obtained excitation energies30) to clarify the origin of this
phase transition and the high-pressure phase. The observed
excitations are almost governed by the Hamiltonian in
Eq. (1). However, to explain the fine splitting at zero field
for the one-triplet excitation the DM interaction along the
c-axis [HDM ¼ P

nnn Dij � ðSi � SjÞ, Dij ¼ ð0; 0;�DÞ] is re-
quired.28) Therefore, we calculated the excitation energies for
Hamiltonian H ¼ H0 þHDM including the three unknown
parameters J, J 0, and D for 20 sites subject to periodic
conditions by performing an exact diagonalization, and we
compared the experimentally obtained excitation energies
with those calculated. For simplicity, the DM interaction is
assumed to scale with the interdimer interaction (D ¼ kJ 0, k
is a parameter).

At P ¼ 0, 0.92, 1.25, and 1.51GPa, having obtained three
excitation energies �0E� and �0B� [Fig. 2(b)], we can uniquely
determine the three unknown parameters α, J, and k with-
out ambiguity. Parameter k was determined to be k ¼ 0:039;
the obtained pressure dependence of α and J is shown in
Fig. 3(a). They are well fitted by straight lines giving ex-
pressions JðPÞ=kB ½K� ¼ �5:14 ½K=GPa�P ½GPa�þ69:1 ½K�
and �ðPÞ ¼ 0:0322P ½GPa� þ 0:601. With JðPÞ and �ðPÞ are
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various pressures. (b) Pressure dependence of the gap energies. The value
�0B� at ambient pressure is taken from Ref. 27.
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fixed, we can estimate J and α for other excitation data
obtained at pressures except for the four pressures mentioned
above. We normalized the excitation energies by J and plotted
them as a function of α [Fig. 3(b)]. Within the errors of
uncertainty, the data show good agreement with the calculated
results (thick lines) except for � > 0:66. From the jump
discontinuity, the transition point is obtained as �c ¼ 0:660 �
0:003. Thus, we have determined precisely the pressure
dependence of J, J 0 (¼ �J), and D (¼ kJ 0), and the transition
point �c. To the best of our knowledge, this is the first study to
obtain such trends for the parameters of SrCu2(BO3)2.

At ambient pressure, we obtained J ¼ 69:1K, � ¼ 0:601,
and D ¼ 1:6K, which agree well with the results obtained
by comparing the excitation energies similarly from the INS
measurement with those calculated using the perturbative
unitary transformation (J ¼ 71:5K, � ¼ 0:603).14) The slight
differences stem from the DM interaction that was taken into
account in our calculation. Although our estimation gives the
smallest values among the estimations of J and α for this
compound,14–17) they are the unique values that reproduced
completely both energy gaps to the one-triplet excited states
and the two-triplet bound state. Moreover, our estimation
explains the fine splitting of the one-triplet excitation at zero
field. Our parameter values are considered to be the most
reliable.

We now compare our results with the theory by Takushima
et al., who derived the triplet excitation energies for the
plaquette phase.12) Their results are marked as thin lines in
Fig. 3(b). They calculated the excitation energy by series
expansion using the fact that the plaquette phase of the
Shastry–Sutherland lattice can be connected adiabatically to
that in the 1=5-depleted square lattice and in the orthogonal
dimer chain. They obtained two triplet excitations: one is an
excitation that simply breaks the plaquette singlet [P-mode,
thin solid line in Fig. 3(b)] and the another is an excitation
that has intermediate properties between the dimer singlet
and the plaquette singlet (D-mode, thin dotted line). Below
�c, although the one-triplet excitation does not split as the
DM interaction is not taken into account in their calculation,
the gap energies coincide very well (thin broken line). Above
�c, the observed gap energies are consistent quantitatively
with that of the P-mode in terms of the magnitude and the

dependence on α, although the transition point is slightly
smaller than the theoretically obtained �cðtheoryÞ �
0:68.8,10–13) In particular, the magnitude of the jump of about
0:06�0E�=J at �c in the experiment is strongly consistent with
that in the theory [Fig. 3(b)]. Note that the observed
excitation above �c was proved to be the triplet [Fig. 2(a)],
showing the Sz ¼ �1 Zeeman splitting to be similar to those
observed below �c. Although the corresponding excitation
was observed at 2meV (0.48 THz) from INS measurements
at 2.15GPa above Pc,19) it was obtained at zero field and its
property was only discussed from the viewpoint of the
structure factor. In contrast, our observation gives direct
evidence that the observed excitation is a triplet. Thus, the
observed transition exhibits the QPT to the plaquette phase.
For the result that the lower excitation D-mode was not
observed in the measured range, there is a possibility that the
temperature is not sufficiently low or that this mode does not
satisfy the ESR selection rule.

Note that the gap remains open at Pc in Fig. 2(b), which
also shows that the observed QPT is first-order,11–13) in
contrast to the behavior suggested from X-ray measure-
ments.22) Haravifard et al. evaluated the gap energy by fitting
the Arrhenius formula to the temperature dependence of the
reciprocal of the lattice parameter, which scales the magnetic
susceptibility.22) However, the gap energy obtained by this
formula is neither relevant7) nor consistent with our result,
which is supported by theoretical results [Fig. 3(b)].

For the discrepancy between the observed transition point
�c and theoretical �c(theory), there are two possible origins.
One is that the model Hamiltonian H requires additional
terms to describe the real material. To improve the
discrepancy quantitatively, the intradimer DM interaction,
the in-plane component of the interdimer DM interaction31)

or the interplane exchange interaction14,15) might be required.
The other is the possibility that the intradimer interaction J of
the two orthogonal dimers become inequivalent by applying
the pressure. The phase diagram for when the intradimer
interaction is inequivalent ðJ1; J2Þ in the Hamiltonian (1) was
obtained theoretically and shows that the plaquette phase is
robust in some ðJ2=J1; J 0=J1Þ regions.32) In assuming J2=J1 �
0:95, the QCP to the plaquette phase was found to be
J 0=J1 � 0:66 from this phase diagram, which corresponds to
�c � 0:66 that was obtained in this study. This explains not
only the discrepancy between the observed �c and theoretical
�c(theory), but also the loss of four-fold symmetry around the
c-axis observed in NMR.20,21)

Finally, we discuss the pressure dependence of J and α,
and the magnetostriction effect on the magnetization plateau
in connection with the recently proposed nanopantograph
mechanism of this system.33) From Fig. 3(a), α increases as
pressure increases. This is because the pressure dependence
of J is much larger than that of J 0, although both decreases as
the pressure increases. This fact is qualitatively consistent
with the calculation using density functional theory, from
which J decreases as the lattice parameter a decreases,
whereas the change in J 0 is rather small.33) The nanopanto-
graph mechanism, which originates from the unique
orthogonal dimer arrangement of SrCu2(BO3)2, also supports
a large reduction in J. It explains why the intradimer Cu–O–
Cu angle θ, which governs the magnitude of J, can be
reduced significantly even with a slight change �a in lattice
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constant in the ab plane. The change in angle ��ðPÞ is related
to the rate of change of the lattice parameter �aðPÞ=a as
��ðPÞ½rad:� ’ 35�aðPÞ=a.33) From the X-ray measurements
at 4K, the lattice parameter a was found to decrease linearly
as �aðPÞ=a ¼ �1:18 � 10�3P [GPa].22) Although at the
transition pressure Pc ¼ 1:85GPa the corresponding change
is small (�a=a ¼ �2:2 � 10�3), we obtained a relatively
large angular change by the above-mentioned relation (�� ¼
�0:076 rad: ¼ �4:4�); it corresponds to a change in Cu–O–
Cu angle from 97.6°34) at ambient pressure to 93.2° at Pc.
Hence, there is no doubt about the reduction in the intradimer
exchange interaction J according to the Goodenough–
Kanamori rule.35) Furthermore, the nanopantograph mechan-
ism may also affect the magnetization plateaus because α
varies depending on the magnitude of magnetostriction in the
ab plane under the field. Because the theoretical phase
diagram, which shows the magnetization plateaus in the α–H
plane, is rather complicated around α at ambient pressure just
below the QCP,17) a change in α should be taken into account
at each plateau when the experimentally obtained magnet-
ization curve is compared with theory, as suggested by Radke
et al.33) We examine this magnetostriction effect on the
magnetization plateaus quantitatively. The relation �ðPÞ ¼
0:0322P þ 0:601 obtained in this study is connected with
the �aðPÞ=a by eliminating the variable P to give � ¼
�27:3�a=a þ 0:601. If we simply assume that this relation
can be applied for the relation between the magnetostriction
in the ab plane �aðHÞ=a and the ratio �ðHÞ, we can estimate
the change in �ðHÞ resulting from the change in field. The
change is found to be rather small even at a very high field,
contrary to the suggestion of Radtke et al. For instance, at
around 80T, where the existence of the 2=5 magnetization
plateau is controversial,16,17) �a=a is �2 � 10�4 at most16,33)

yielding � � 0:601 � 0:005. Thus, the obtained relation
between α and �a=a helps in furthering our understanding
of the controversial magnetization plateaus such as the 2=5
plateau.

In conclusion, we have performed ESR measurements for
various pressures, and we succeeded in obtaining the pressure
dependence of excitation energies directly. Performing an
exact diagonalization of an appropriate model for the present
study, the excitation energies obtained from calculation and
experiment were compared, and the pressure dependence of
J, α and D were determined uniquely to be JðPÞ=kB ½K� ¼
�5:14 ½K=GPa�P ½GPa�þ69:1 ½K�, �ðPÞ ¼ 0:0322P ½GPa�þ
0:601, and DðPÞ ¼ 0:039J 0ðPÞ, respectively. We found that
the reduction of the intradimer interaction J contributes
mainly to an increase in α. Moreover, this precise deter-
mination of these parameters makes it possible to explore the
magnetostriction effect on the magnetization plateau in detail.
From a comparison with the theoretical results in Takushima
et al.,12) we revealed that the system undergoes a first-order
quantum phase transition to the plaquette phase at �c ¼
0:660 � 0:003 (Pc ¼ 1:85 � 0:05GPa).19)

Acknowledgment This research was partially supported by Grants-in-Aid
for Scientific Research (C) (No. 16K05416) from Japan Society for the Promotion
of Science.

+tsakurai@kobe-u.ac.jp
1) R. Moessner and A. P. Ramirez, Phys. Today 59 [2], 24 (2006).

2) Introduction to Frustrated Magnetism, ed. C. Lacroix, P. Mendels, and
F. Mila (Springer, Heidelberg, 2011).

3) P. W. Anderson, Science 235, 1196 (1987).
4) S.-Z. Lin and X. Hu, Phys. Rev. Lett. 108, 177005 (2012).
5) N. Ikeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K. Kakurai, Y.

Murakami, K. Yoshii, S. Mori, Y. Horibe, and H. Kitô, Nature 436,
1136 (2005).

6) J. Hemberger, P. Lunkenheimer, R. Fichtl, H.-A. Krug von Nidda, V.
Tsurkan, and A. Loidl, Nature 434, 364 (2005).

7) H. Kageyama, K. Yoshimura, R. Stern, N. V. Mushnikov, K. Onizuka,
M. Kato, K. Kosuge, C. P. Slichter, T. Goto, and Y. Ueda, Phys. Rev.
Lett. 82, 3168 (1999).

8) S. Miyahara and K. Ueda, Phys. Rev. Lett. 82, 3701 (1999).
9) B. S. Shastry and B. Sutherland, Physica B+C 108, 1069 (1981).
10) For a review, see S. Miyahara and K. Ueda, J. Phys.: Condens. Matter

15, R327 (2003).
11) A. Koga and N. Kawakami, Phys. Rev. Lett. 84, 4461 (2000).
12) Y. Takushima, A. Koga, and N. Kawakami, J. Phys. Soc. Jpn. 70, 1369

(2001).
13) P. Corboz and F. Mila, Phys. Rev. B 87, 115144 (2013).
14) C. Knetter, A. Bühler, E. Muller-Hartmann, and G. S. Uhrig, Phys.

Rev. Lett. 85, 3958 (2000).
15) S. Miyahara and K. Ueda, J. Phys. Soc. Jpn. 69 [Suppl. B], 72 (2000).
16) M. Jaime, R. Daou, S. A. Crooker, F. Weickert, A. Uchida, A. E.

Feiguin, C. D. Batista, H. A. Dabkowska, and B. D. Gaulin, Proc. Natl.
Acad. Sci. U.S.A. 109, 12404 (2012).

17) Y. H. Matsuda, N. Abe, S. Takeyama, H. Kageyama, P. Corboz, A.
Honecker, S. R. Manmana, G. R. Foltin, K. P. Schmidt, and F. Mila,
Phys. Rev. Lett. 111, 137204 (2013).

18) H. Kageyama, N. V. Mushnikov, M. Yamada, T. Goto, and Y. Ueda,
Physica B 329–333, 1020 (2003).

19) M. E. Zayed, Ch. Rüegg, J. Larrea, J. A. M. Läuchli, C. Panagopoulos,
S. S. Saxena, M. Ellerby, D. F. McMorrow, Th. Strässle, S. Klotz, G.
Hamel, R. A. Sadykov, V. Pomjakushin, M. Boehm, M. Jiménez-Ruiz,
A. Schneidewind, E. Pomjakushina, M. Stingaciu, K. Conder, and
H. M. Rønnow, Nat. Phys. 13, 962 (2017).

20) T. Waki, K. Arai, M. Takigawa, Y. Saiga, Y. Uwatoko, H. Kageyama,
and Y. Ueda, J. Phys. Soc. Jpn. 76, 073710 (2007).

21) M. Takigawa, T. Waki, M. Horvatić, and C. Berthier, J. Phys. Soc. Jpn.
79, 011005 (2010).

22) S. Haravifard, A. Banerjee, J. C. Lang, G. Srajer, D. M. Silevitch,
B. D. Gaulin, H. A. Dabkowska, and T. F. Rosenbaum, Proc. Natl.
Acad. Sci. U.S.A. 109, 2286 (2012).

23) T. Sakurai, M. Tomoo, S. Okubo, H. Ohta, K. Kudo, and Y. Koike,
J. Phys.: Conf. Ser. 150, 042171 (2009).

24) H. Ohta, T. Sakurai, R. Matsui, K. Kawasaki, Y. Hirao, S. Okubo, K.
Matsubayashi, Y. Uwatoko, K. Kudo, and Y. Koike, J. Phys. Chem. B
119, 13755 (2015).

25) J. D. Thompson, Rev. Sci. Instrum. 55, 231 (1984).
26) T. Sakurai, K. Fujimoto, R. Matsui, K. Kawasaki, S. Okubo, H. Ohta,

K. Matsubayashi, Y. Uwatoko, and H. Tanaka, J. Magn. Resonance
259, 108 (2015).

27) H. Nojiri, H. Kageyama, K. Onizuka, Y. Ueda, and M. Motokawa,
J. Phys. Soc. Jpn. 68, 2906 (1999); H. Nojiri, H. Kageyama, Y. Ueda,
and M. Motokawa, J. Phys. Soc. Jpn. 72, 3243 (2003).

28) O. Cépas, K. Kakurai, L. P. Regnault, T. Ziman, J. P. Boucher, N. Aso,
M. Nishi, H. Kageyama, and Y. Ueda, Phys. Rev. Lett. 87, 167205
(2001).

29) M. E. Zayed, Ch. Rüegg, E. Pomjakushina, M. Stingaciu, K. Conder,
M. Hanfland, M. Merlini, and H. M. Rønnow, Solid State Commun.
186, 13 (2014).

30) See Supplemental Material for more information about the procedure
followed in analyzing our experimental data using the exact
diagonalization calculation.

31) K. Kodama, S. Miyahara, M. Takigawa, M. Horvatić, C. Berthier, F.
Mila, H. Kageyama, and Y. Ueda, J. Phys.: Condens. Matter 17, L61
(2005).

32) M. Moliner, I. Rousochatzakis, and F. Mila, Phys. Rev. B 83, 140414
(2011).

33) G. Radtke, A. Saúl, H. A. Dabkowska, M. B. Salamon, and M. Jaime,
Proc. Natl. Acad. Sci. U.S.A. 112, 1971 (2015).

34) R. W. Smith and D. A. Keszler, J. Solid State Chem. 93, 430 (1991).
35) J. Kanamori, J. Phys. Chem. Solids 10, 87 (1959).

J. Phys. Soc. Jpn. 87, 033701 (2018) Letters T. Sakurai et al.

033701-4 ©2018 The Physical Society of Japan

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by  on 05/13/18

https://doi.org/10.1063/1.2186278
https://doi.org/10.1126/science.235.4793.1196
https://doi.org/10.1103/PhysRevLett.108.177005
https://doi.org/10.1038/nature04039
https://doi.org/10.1038/nature04039
https://doi.org/10.1038/nature03348
https://doi.org/10.1103/PhysRevLett.82.3168
https://doi.org/10.1103/PhysRevLett.82.3168
https://doi.org/10.1103/PhysRevLett.82.3701
https://doi.org/10.1016/0378-4363(81)90838-X
https://doi.org/10.1088/0953-8984/15/9/201
https://doi.org/10.1088/0953-8984/15/9/201
https://doi.org/10.1103/PhysRevLett.84.4461
https://doi.org/10.1143/JPSJ.70.1369
https://doi.org/10.1143/JPSJ.70.1369
https://doi.org/10.1103/PhysRevB.87.115144
https://doi.org/10.1103/PhysRevLett.85.3958
https://doi.org/10.1103/PhysRevLett.85.3958
https://doi.org/10.1073/pnas.1200743109
https://doi.org/10.1073/pnas.1200743109
https://doi.org/10.1103/PhysRevLett.111.137204
https://doi.org/10.1016/S0921-4526(02)02222-6
https://doi.org/10.1038/nphys4190
https://doi.org/10.1143/JPSJ.76.073710
https://doi.org/10.1143/JPSJ.79.011005
https://doi.org/10.1143/JPSJ.79.011005
https://doi.org/10.1073/pnas.1114464109
https://doi.org/10.1073/pnas.1114464109
https://doi.org/10.1088/1742-6596/150/4/042171
https://doi.org/10.1021/acs.jpcb.5b03664
https://doi.org/10.1021/acs.jpcb.5b03664
https://doi.org/10.1063/1.1137730
https://doi.org/10.1016/j.jmr.2015.08.005
https://doi.org/10.1016/j.jmr.2015.08.005
https://doi.org/10.1143/JPSJ.68.2906
https://doi.org/10.1143/JPSJ.72.3243
https://doi.org/10.1103/PhysRevLett.87.167205
https://doi.org/10.1103/PhysRevLett.87.167205
https://doi.org/10.1016/j.ssc.2014.01.008
https://doi.org/10.1016/j.ssc.2014.01.008
https://doi.org/10.7566/JPSJ.87.033701
https://doi.org/10.7566/JPSJ.87.033701
https://doi.org/10.1088/0953-8984/17/4/L02
https://doi.org/10.1088/0953-8984/17/4/L02
https://doi.org/10.1103/PhysRevB.83.140414
https://doi.org/10.1103/PhysRevB.83.140414
https://doi.org/10.1073/pnas.1421414112
https://doi.org/10.1016/0022-4596(91)90316-A
https://doi.org/10.1016/0022-3697(59)90061-7

