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The double-perovskite compounds Sr2CuTeO6 and Sr2CuWO6 are magnetically described as quasi-two-
dimensional spin- 1

2 square-lattice J1-J2 Heisenberg antiferromagnets with predominant J1 and J2 exchange
interactions, respectively. We report the low-temperature magnetic properties of Sr2CuTe1−xWxO6 with random-
ness in the magnitudes of J1 and J2. It was found that the low-temperature specific heat for 0.1 � x � 0.5 has a
large component proportional to the temperature T above 1.2 K, although the low-temperature specific heat for the
two parent systems is approximately proportional to T 3. With decreasing temperature below 1.2 K, the T -linear
component decreases rapidly toward zero, which is insensitive to the magnetic field up to 9 T. This is suggestive of
the singlet excitation decoupled from the magnetic field. The NMR spectrum for x = 0.2 exhibits no long-range
order down to 1.8 K. These results indicate that the ground state of Sr2CuTe1−xWxO6 is a valence-bond-glass
state with singlet gaps.
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I. INTRODUCTION

In most magnets except for one-dimensional (1D) magnets,
the ordered ground state is robust and can survive even in a spin-
1
2 triangular-lattice Heisenberg antiferromagnet [1–5], which is
a prototypical frustrated quantum magnet. Thus, the disordered
ground state induced by the quantum fluctuation has been of
great interest and is one of the central topics in condensed
matter physics. Quantum disordered ground states (QDGSs)
such as the spin liquid state [6,7] and valence-bond-solid state
[8] have been predicted to exist in frustrated quantum magnets
such as spin- 1

2 kagome-lattice Heisenberg antiferromagnets
[9–16].

Recently, it has been theoretically demonstrated that the
exchange randomness in frustrated quantum magnets sup-
presses the spin ordering and induces a QDGS [17–20].
This randomness-induced QDGS is considered to be com-
posed of randomly frozen singlets, which are formed between
not only nearest-neighbor spins but also distant spins. This
QDGS is termed the random singlet [21–24] or valence-bond-
glass (VBG) state [25,26]. The randomness-induced QDGS
is characterized by a finite magnetic susceptibility and a
low-temperature specific heat proportional to the temperature
T , which arise from the many singlet spin pairs that can
be easily excited to triplets with a small or zero energy
[17–19]. The suppression of spin ordering and the T -linear
specific heat caused by exchange randomness were observed
in the spin- 1

2 spatially anisotropic triangular-lattice antiferro-
magnet Cs2CuBr4−xClx [27], kagome-lattice antiferromagnet
(Rb1−xCsx )2Cu3SnF12 [28], and a honeycomb-lattice organic
magnet with random competing exchange interactions [29].
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However, the systematic changes in the ground states and low-
temperature magnetic properties upon varying the exchange
randomness have not been sufficiently elucidated.

The spin- 1
2 square-lattice Heisenberg antiferromagnet with

the nearest-neighbor (J1) and next-nearest-neighbor (J2) ex-
change interactions, referred to as the S = 1/2 J1-J2 SLHAF,
is a prototypical quantum magnet with bond frustration. The
most noteworthy point of this model is that a QDGS emerges in
the range of αc1 < J2/J1 < αc2 with αc1 � 0.4 and αc2 � 0.6
[30–40]. The ground states for J2/J1 < αc1 and αc2 < J2/J1

are Néel antiferromagnetic and collinear antiferromagnetic
states, respectively. In this paper we report the QDGS observed
in the spin- 1

2 square-lattice random J1-J2 Heisenberg antifer-
romagnet Sr2CuTe1−xWxO6 with 0.1 � x � 0.5.

The two parent compounds, Sr2CuWO6 and Sr2CuTeO6,
have the tetragonal structure, in which CuO6 and MO6 octa-
hedra are arranged alternately in the ab plane, sharing their
corners as shown in Fig. 1(a). Because the hole orbitals
d(x2 − y2) of Cu2+ ions with spin- 1

2 are spread in the ab plane,
exchange interactions in the ab plane are much stronger than
those between the ab planes. Consequently, Sr2CuWO6 and
Sr2CuTeO6 are described as quasi-2D S = 1/2 J1-J2 SLHAFs
[41–43].

Sr2CuWO6 and Sr2CuTeO6 undergo three-dimensional
magnetic orderings at TN = 24 and 29 K, respectively, owing to
the weak interlayer exchange interactions [43–45]. However,
the spin structures in their ordered states are different. The
collinear antiferromagnetic and Néel antiferromagnetic states
are realized in Sr2CuWO6 [44] and Sr2CuTeO6 [45], respec-
tively. This indicates that the dominant exchange interaction
is J2 in Sr2CuWO6, while J1 is dominant in Sr2CuTeO6.
This difference can be understood from the difference in
the electronic states of the outermost filled orbital of the
nonmagnetic M6+ [45,46]. Thus, we expect that the partial
substitution of W6+ for Te6+ will produce the randomness in
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FIG. 1. (a) Linkage of CuO6 and MO6 octahedra in the ab plane of
Sr2CuMO6 (M = W and Te). (b) Illustration of exchange interactions
around W6+ ions that substitute for Te6+ ions.

J1 and J2 interactions, which leads to the VBG state. With
this motivation, we synthesized Sr2CuTe1−xWxO6 samples
with various tungsten concentrations x and investigated their
low-temperature magnetic properties.

II. EXPERIMENTAL DETAILS

Powder samples of Sr2CuTe1−xWxO6 were synthesized
from mixtures of SrCO3, CuO, TeO2, and WO3 with molar
ratios of 2 : 1 : 1 − x : x by a solid-state reaction. Each mixed
powder was ground well with an agate mortar and fired at
1000 ◦C in air for 24 h. The powder was then reground,
pelletized, and calcined twice at 1000–1100 ◦C for 24 h
in an oxygen atmosphere. Using x-ray powder diffraction,
we confirmed that W6+ ions substitute for Te6+ ions in
Sr2CuTe1−xWxO6 and that the phase separation of the two
parent compounds does not occur.

The magnetic susceptibilities of the Sr2CuTe1−xWxO6

powders were measured down to 1.8 K using a SQUID
magnetometer (Quantum Design MPMS XL). The specific
heat of the Sr2CuTe1−xWxO6 powders was measured down
to 0.36 K in magnetic fields of up to 9 T using a physical
property measurement system (Quantum Design PPMS) by
the relaxation method. Nuclear magnetic resonance (NMR)
measurements were performed on a powder sample with
x = 0.2 using a 16 T superconducting magnet in the tempera-
ture range between 1.8 and 20 K.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature variation of the mag-
netic susceptibility for 0 � x � 0.5 and x = 1 measured
at μ0H = 0.1 T. The susceptibility data of the two parent
compounds (x = 0 and 1) coincide with those reported in
Refs. [42,43], respectively. With decreasing temperature, the
susceptibilities of the parent compounds display broad maxima
at approximately Tmax = 70–90 K owing to the short-range
spin correlation. This susceptibility behavior is characteristic
of two-dimensional S = 1/2 SLHAFs [47–49]. With further
decreasing temperature, the magnetic susceptibilities for x �= 0
and 1 exhibit a Curie-like upturn. As the tungsten concentration

FIG. 2. Temperature dependence of magnetic susceptibility of
Sr2CuTe1−xWxO6 measured at μ0H = 0.1 T for various x. The
susceptibility data for 0.1 � x � 0.5 are shifted upward by multiples
of 1 × 10−3 emu/mol. The solid line superimposed on the data for
x = 1 shows the susceptibility calculated by the Padé approximation
with J1/kB = 22.6 K, J2/kB = 91.2 K, and g = 2.18.

x increases, the upturn is more enhanced, which gives rise to
a shift of Tmax toward the low-temperature side. This upturn
probably originates from almost free or uncoupled spins, which
are produced by exchange randomness. We also measured
field-cooled (FC) and zero-field-cooled (ZFC) magnetic sus-
ceptibilities to clarify whether or not the ground state is the
ordinary spin-glass state. Because no significant difference
was found between the FC and ZFC data, the possibility of
a spin-glass ground state is ruled out.

The nearest-neighbor interaction J1 in Sr2CuTeO6 was
evaluated as J1/kB = 80 and 83 K from the magnetic suscepti-
bility by the Padé approximation [42] and from the dispersion
relations of magnetic excitations [50], respectively. The next-
nearest-neighbor interaction J2 is negligible in Sr2CuTeO6.
However, for Sr2CuWO6, the susceptibility data have only
been analyzed by the classical molecular-field approximation
[41]. Here we estimate the exchange constants of Sr2CuWO6

from the susceptibility data by the [5, 5] Padé approximation
using the result of the high-temperature expansion of β =
1/kBT up to the tenth order [49]. We assume that J2 > J1

in Sr2CuWO6. The best fit between 45 and 300 K is obtained
with J1/kB = 22.6 K and J2/kB = 91.2 K using g = 2.18,
which was determined from the paramagnetic resonance. The
solid line in Fig. 2 shows the susceptibility calculated with
these parameters.

Figure 3(a) shows the temperature dependence of the
specific heat divided by the temperature C/T for x = 0, 0.1,
0.2, 0.5, and 1 measured at zero magnetic field. No anomaly
indicative of magnetic ordering was observed even for the
parent compounds Sr2CuTeO6 and Sr2CuWO6, which undergo
magnetic phase transitions at TN = 29 [45] and 24 K [43,44],
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FIG. 3. (a) Temperature dependence of C/T of
Sr2CuTe1−xWxO6 powders measured at zero magnetic field for
x = 0, 0.1, 0.2, 0.5, and 1. The inset shows an enlargement of
the data below 8 K. (b) Temperature dependence of C/T for
x = 0.1, 0.2, and 0.5 measured at zero field (open symbols) and 9 T
(closed symbols). The inset shows the coefficient γ of the T -linear
component vs x obtained at zero field and 9 T.

respectively. We can see from the inset of Fig. 3(a) that the
partial substitution of W6+ for Te6+ causes a large change in the
low-temperature specific heat. The low-temperature specific
heat C(T ) of the parent compounds (x = 0 and 1) is described
as C(T ) = βT 2 + αT 3, where the T 2 component is much
smaller than the T 3 component. The small T 2 component can
be attributed to quasi-2D magnetic excitations of the parent
compounds. In contrast to the specific heat of the parent
compounds, a T -linear component is clearly observed in the
low-temperature specific heat for 0.1 � x � 0.5 above 1.5 K.
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FIG. 4. Temperature dependence of C/T for x = 0.2 and 0.5
measured at zero field and 9 T after the subtraction of the Schottky
specific heat due to the Zeeman splitting of loosely coupled spins.
The inset shows the temperature dependence of difference �(C/T )
between C/T measured at μ0H = 0 and 9 T for x = 0.2 and 0.5.
Solid lines are the �(C/T ) for the Schottky specific heat calculated
with parameters shown in the text.

With decreasing temperature from 1.5 K, the T -linear com-
ponent decreases rapidly toward zero, resulting in a shoulder
anomaly appearing in C/T near 1.2 K.

Figure 3(b) shows C/T for x = 0.1, 0.2, and 0.5 measured
at μ0H = 0 and 9 T. The shoulder anomaly in C/T observed
at zero magnetic field is partly suppressed at 9 T for x = 0.2
and 0.5, whereas for x = 0.1, C/T is almost independent
of the applied magnetic field. Above 2 K, no significant
difference is observed in the specific heat data measured at
μ0H = 0 and 9 T. Applying the formula C(T ) = γ T + αT 3

for 3 � T � 7 K, we estimate the coefficient γ of the T -linear
component. The inset of Fig. 3(b) shows γ as a function
of x. γ increases with increasing x and saturates at γ � 54
mJ/(K2 mol) around x = 0.3. Recent theory [17–20] has
demonstrated that the specific heat has a T -linear component in
frustrated quantum magnets with random bonds, which arises
from the low-energy gapless excitations. The maximum γ

value in Sr2CuTe1−xWxO6 is the same order of magnitude as
that calculated for the S = 1/2 triangular-lattice random bond
Heisenberg antiferromagnet [17].

From the analysis shown below, we deduce that the differ-
ence between the values of C/T at μ0H = 0 and 9 T below
2 K arises from the Schottky specific heat due to the Zeeman
splitting of loosely coupled spin pairs. The inset of Fig. 4
shows the temperature dependence of the difference �(C/T )
between C/T measured at μ0H = 0 and 9 T for x = 0.2
and 0.5. With increasing temperature from 0.36 K, �(C/T )
displays a rounded maximum at 0.6–0.7 K and decreases to
be negative. This is typical of the Schottky specific heat due to
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the Zeeman splitting. Specific heat of spin pairs coupled via exchange interaction J in magnetic field is expressed as

C(T ,H, J )

= nNAβ

2T

2{[J 2 + (gμBH )2]eβJ + (gμBH )2} cosh(βgμBH ) − 4JgμBHeβJ sinh(βgμBH ) + 4(gμBH )2 + J 2eβJ

[1 + eβJ + 2 cosh(βgμBH )]2
,

(1)

where NA is the Avogadro’s number and n is the fraction of the
spins that are loosely coupled to form spin pairs. In this analysis
we assume that the coupling constant J is uniformly distributed
between J − �J and J + �J . Solid lines in the inset of
Fig. 4 are �(C/T ) = C(0 T)/T − C(9 T)/T for x = 0.2
and 0.5 calculated with n = 1.7 × 10−3, J/kB = 2.3 K, and
�J/kB = 0.63 K, and n = 3.4 × 10−3, J/kB = 3.1 K, and
�J/kB = 1.3 K, respectively. The g factor is set to be g =
2.18. Experimental results of �(C/T ) are well described in
terms of the Schottky specific heat due to the Zeeman splitting
of loosely coupled spin pairs. Because the coupling constant J

is of the order of 1 K, these spins give rise to the Curie-like term
in the magnetic susceptibility at low temperatures. The fraction
of spins that produce the Curie-like term is estimated as n =
1.9 × 10−3 and 3.5 × 10−3 for x = 0.2 and 0.5, respectively,
which coincide with those obtained from the analysis of
low-temperature specific heat. Thus, we can deduce that the
magnetic field dependence of the low-temperature specific heat
and the Curie-like term in the magnetic susceptibility arise
from the loosely coupled spin pairs.

Figure 4 shows C/T at μ0H = 0 and 9 T for x = 0.2 and
0.5 after the correction of the Schottky specific heat. Down to
the lowest temperature of 0.36 K, no significant difference is
observed in C/T at μ0H = 0 and 9 T. The shoulder anomaly
around 1.2 K is not sharp and the temperature that gives
the shoulder anomaly is almost independent of the tungsten
concentration x. The shoulder anomaly and the rapid decrease
in C/T toward zero persist even at 9 T, the Zeeman energy of
which is much larger than the energy corresponding to 1.2 K.
These results indicate that the shoulder anomaly in C/T cannot
be ascribed to the magnetic ordering or spin-glass transition.
Because the low-temperature specific heat is insensitive to the
magnetic field, we deduce that the shoulder anomaly originates
from the singlet excitations, which are decoupled from the
magnetic field.

Figure 5(a) shows two typical 63/65Cu-NMR spectra mea-
sured with two different frequencies ν0. One can observe
well-resolved peaks corresponding to the singular points in
the quadrupolar powder pattern for the I = 3/2 nuclei. To
extract K , which is the in-plane component of the Knight
shift, from the observed spectra, we measured the positions
of the 90◦ peak for the 65Cu central transition denoted by the
dashed arrows in Fig. 5(a) at ten different frequencies between
109 and 132 MHz and analyzed them using the second-order
perturbation formula [51]. The values of K and the nuclear
quadrupolar parameter 63νQ at 3.8 K were determined to be
1.3% and 52 MHz, respectively. The positive value of K

suggests that it includes an appreciable orbital contribution.
Next, to obtain the temperature dependence of K , we

traced the peak position. Typical spectral profiles are shown
in the inset of Fig. 5(b). No anomalous broadening or split-

ting, indicative of a magnetic order, was observed down to
1.8 K. Assuming that 63νQ is temperature independent at low
temperatures, the temperature dependence of K was simply
determined from the peak position and is shown in Fig. 5. It
decreased with decreasing temperature and scales well with
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FIG. 5. (a) 63/65Cu-NMR spectra measured in magnetic field
range between 6 and 12 T. The abscissa is shifted by H − ν0/

63γ ,
where ν0 and γ are the NMR frequency and the nuclear gyromagnetic
ratio, respectively. The vertical solid and dashed lines (arrows) denote
the satellite (central) transition positions for 63Cu and 65Cu nuclei,
respectively. (b) Temperature dependence of the Knight shift (open
symbols) scaled with the uniform susceptibility, from which the
Curie term is subtracted (solid curve). The raw data for the uniform
susceptibility are shown by the dashed curve. The inset shows typical
spectral profiles at various temperatures. The horizontal line denotes
the position of the 90◦ peak for the 65Cu central transition and the
zero-shift position.

054422-4



VALENCE-BOND-GLASS STATE WITH A SINGLET GAP … PHYSICAL REVIEW B 98, 054422 (2018)

the uniform susceptibility, from which the tiny Curie-like term
was subtracted. From the scaling factor, the hyperfine coupling
constant A was estimated to be −13 (T/μB). Its negative sign
and its magnitude are typical for divalent copper, indicating
that the present NMR effectively probes the magnetism of the
copper spin. Consequently, we can safely conclude at this stage
that the bulk spin susceptibility of this system decreases with
decreasing temperature and approaches a finite value at low
temperatures.

As shown above, the NMR spectrum for x = 0.2 indicates
the absence of magnetic ordering down to 1.8 K. The small
amount of substitution of W6+ for Te6+ induces marked
suppression of the magnetic ordering. The partial substitution
of W6+ for Te6+ also produces a T -linear component in
the low-temperature specific heat and a Curie term in the
magnetic susceptibility. The T -linear component and Curie
term increase with increasing tungsten concentration x. These
properties are characteristic of the VBG state for frustrated
quantum magnets with random bonds [17–20]. In the VBG
state, there are many loosely coupled singlet spins, which can
be easily excited. The T -linear component in the specific heat
and the Curie term in the magnetic susceptibility arise from the
low-energy excitations of these spins. Thus, we deduce that the
ground state of Sr2CuTe1−xWxO6 is the VBG state at least for
0.2 � x � 0.5, as predicted by the theory. It is considered that
there is a critical xc that separates the ordered state and the
VBG state. In the present experiments, xc was not determined.
The data of C/T show a rapid decrease below 1.2 K, which is
insensitive to the magnetic field. Thus, we infer that the VBG
ground state is accompanied by singlet excitations.

As shown in Fig. 3, the temperature that gives the shoulder
in C/T is almost independent of the tungsten concentration
x. This suggests that the singlet excitations are determined by
the local structure of the exchange interactions. Figure 1(b)
illustrates the exchange interactions when Te6+ ions are sub-
stituted by W6+ ions. We assume that J1 and J2 are almost
the same as those in Sr2CuTeO6 and Sr2CuWO6, respectively,

which are J1/kB � 80 and J2/kB � 90 K. J ′
1 and J ′′

1 are the
nearest-neighbor exchange interactions via TeO6 and WO6

octahedra and two WO6 octahedra, respectively, which are
estimated to be J ′

1/kB � 50 and J ′′
1 /kB � 20 K using the

exchange constants for Sr2CuWO6 obtained in this study and
those for Sr2CuTeO6 [42,50].

Very recently, Mustonen et al. [52] reported the magnetic
properties of Sr2CuTe0.5W0.5O6. Their magnetic susceptibility
and specific heat data measured down to 2 K are consistent with
our data for x = 0.5. From muon spin relaxation and rotation
measurements, they observed the absence of magnetic ordering
or a spin-glass transition in Sr2CuTe0.5W0.5O6 down to 19 mK.

IV. CONCLUSION

In conclusion, we have reported the results of mag-
netization, specific heat, and NMR measurements on
Sr2CuTe1−xWxO6, which is characterized as an S = 1/2
square-lattice random J1-J2 Heisenberg antiferromagnet. The
partial substitution of W6+ for Te6+ causes a marked change in
the ground state and low-temperature thermodynamic proper-
ties. The magnetic ordering observed in the parent compounds
is strongly suppressed. The ground state, at least for 0.2 � x �
0.5, is concluded to be the VBG state with a singlet excitation
gap of about 1 K.

Note added in proof. At the proof stage, we noticed
that Walker et al. [53] estimated the exchange interactions
in Sr2CuWO6 as J1/kB = 14 K and J2/kB = 110 K from
the magnetic excitation data obtained by inelastic neutron
scattering on powdered sample.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for Scientific
Research (A) (No. 17H01142) and (C) (No. 16K05414) from
Japan Society for the Promotion of Science.

[1] D. A. Huse and V. Elser, Phys. Rev. Lett. 60, 2531 (1988).
[2] Th. Jolicoeur and J. C. Le Guillou, Phys. Rev. B 40, 2727 (1989).
[3] B. Bernu, P. Lecheminant, C. Lhuillier, and L. Pierre, Phys. Rev.

B 50, 10048 (1994).
[4] R. R. P. Singh and D. A. Huse, Phys. Rev. Lett. 68, 1766 (1992).
[5] S. R. White and A. L. Chernyshev, Phys. Rev. Lett. 99, 127004

(2007).
[6] A. Kitaev, Ann. Phys. (Amsterdam) 321, 2 (2006).
[7] L. Balents, Nature (London) 464, 199 (2010).
[8] N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989).
[9] F. Wang and A. Vishwanath, Phys. Rev. B 74, 174423 (2006).

[10] M. Hermele, Y. Ran, P. A. Lee, and X.-G. Wen, Phys. Rev. B 77,
224413 (2008).

[11] S. Yan, D. A. Huse, and S. R. White, Science 332, 1173 (2011).
[12] S. Depenbrock, I. P. McCulloch, and U. Schollwöck, Phys. Rev.

Lett. 109, 067201 (2012).
[13] S. Nishimoto, N. Shibata, and C. Hotta, Nat. Commun. 4, 2287

(2013).
[14] R. R. P. Singh and D. A. Huse, Phys. Rev. B 77, 144415 (2008).

[15] G. Evenbly and G. Vidal, Phys. Rev. Lett. 104, 187203 (2010).
[16] K. Hwang, Y. B. Kim, J. Yu, and K. Park, Phys. Rev. B 84,

205133 (2011).
[17] K. Watanabe, H. Kawamura, H. Nakano, and T. Sakai, J. Phys.

Soc. Jpn. 83, 034714 (2014).
[18] H. Kawamura, K. Watanabe, and T. Shimokawa, J. Phys. Soc.

Jpn. 83, 103704 (2014).
[19] T. Shimokawa, K. Watanabe, and H. Kawamura, Phys. Rev. B

92, 134407 (2015).
[20] K. Uematsu and H. Kawamura, J. Phys. Soc. Jpn. 86, 044704

(2017).
[21] C. Dasgupta and S.-K. Ma, Phys. Rev. B 22, 1305 (1980).
[22] R. N. Bhatt and P. A. Lee, Phys. Rev. Lett. 48, 344 (1982).
[23] D. S. Fisher, Phys. Rev. B 50, 3799 (1994).
[24] Y.-C. Lin, R. Mélin, H. Rieger, and F. Iglói, Phys. Rev. B 68,

024424 (2003).
[25] M. Tarzia and G. Biroli, Europhys. Lett. 82, 67008

(2008).
[26] R. R. P. Singh, Phys. Rev. Lett. 104, 177203 (2010).

054422-5

https://doi.org/10.1103/PhysRevLett.60.2531
https://doi.org/10.1103/PhysRevLett.60.2531
https://doi.org/10.1103/PhysRevLett.60.2531
https://doi.org/10.1103/PhysRevLett.60.2531
https://doi.org/10.1103/PhysRevB.40.2727
https://doi.org/10.1103/PhysRevB.40.2727
https://doi.org/10.1103/PhysRevB.40.2727
https://doi.org/10.1103/PhysRevB.40.2727
https://doi.org/10.1103/PhysRevB.50.10048
https://doi.org/10.1103/PhysRevB.50.10048
https://doi.org/10.1103/PhysRevB.50.10048
https://doi.org/10.1103/PhysRevB.50.10048
https://doi.org/10.1103/PhysRevLett.68.1766
https://doi.org/10.1103/PhysRevLett.68.1766
https://doi.org/10.1103/PhysRevLett.68.1766
https://doi.org/10.1103/PhysRevLett.68.1766
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1103/PhysRevLett.99.127004
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1103/PhysRevLett.62.1694
https://doi.org/10.1103/PhysRevLett.62.1694
https://doi.org/10.1103/PhysRevLett.62.1694
https://doi.org/10.1103/PhysRevLett.62.1694
https://doi.org/10.1103/PhysRevB.74.174423
https://doi.org/10.1103/PhysRevB.74.174423
https://doi.org/10.1103/PhysRevB.74.174423
https://doi.org/10.1103/PhysRevB.74.174423
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1103/PhysRevB.77.224413
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1126/science.1201080
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1103/PhysRevLett.109.067201
https://doi.org/10.1038/ncomms3287
https://doi.org/10.1038/ncomms3287
https://doi.org/10.1038/ncomms3287
https://doi.org/10.1038/ncomms3287
https://doi.org/10.1103/PhysRevB.77.144415
https://doi.org/10.1103/PhysRevB.77.144415
https://doi.org/10.1103/PhysRevB.77.144415
https://doi.org/10.1103/PhysRevB.77.144415
https://doi.org/10.1103/PhysRevLett.104.187203
https://doi.org/10.1103/PhysRevLett.104.187203
https://doi.org/10.1103/PhysRevLett.104.187203
https://doi.org/10.1103/PhysRevLett.104.187203
https://doi.org/10.1103/PhysRevB.84.205133
https://doi.org/10.1103/PhysRevB.84.205133
https://doi.org/10.1103/PhysRevB.84.205133
https://doi.org/10.1103/PhysRevB.84.205133
https://doi.org/10.7566/JPSJ.83.034714
https://doi.org/10.7566/JPSJ.83.034714
https://doi.org/10.7566/JPSJ.83.034714
https://doi.org/10.7566/JPSJ.83.034714
https://doi.org/10.7566/JPSJ.83.103704
https://doi.org/10.7566/JPSJ.83.103704
https://doi.org/10.7566/JPSJ.83.103704
https://doi.org/10.7566/JPSJ.83.103704
https://doi.org/10.1103/PhysRevB.92.134407
https://doi.org/10.1103/PhysRevB.92.134407
https://doi.org/10.1103/PhysRevB.92.134407
https://doi.org/10.1103/PhysRevB.92.134407
https://doi.org/10.7566/JPSJ.86.044704
https://doi.org/10.7566/JPSJ.86.044704
https://doi.org/10.7566/JPSJ.86.044704
https://doi.org/10.7566/JPSJ.86.044704
https://doi.org/10.1103/PhysRevB.22.1305
https://doi.org/10.1103/PhysRevB.22.1305
https://doi.org/10.1103/PhysRevB.22.1305
https://doi.org/10.1103/PhysRevB.22.1305
https://doi.org/10.1103/PhysRevLett.48.344
https://doi.org/10.1103/PhysRevLett.48.344
https://doi.org/10.1103/PhysRevLett.48.344
https://doi.org/10.1103/PhysRevLett.48.344
https://doi.org/10.1103/PhysRevB.50.3799
https://doi.org/10.1103/PhysRevB.50.3799
https://doi.org/10.1103/PhysRevB.50.3799
https://doi.org/10.1103/PhysRevB.50.3799
https://doi.org/10.1103/PhysRevB.68.024424
https://doi.org/10.1103/PhysRevB.68.024424
https://doi.org/10.1103/PhysRevB.68.024424
https://doi.org/10.1103/PhysRevB.68.024424
https://doi.org/10.1209/0295-5075/82/67008
https://doi.org/10.1209/0295-5075/82/67008
https://doi.org/10.1209/0295-5075/82/67008
https://doi.org/10.1209/0295-5075/82/67008
https://doi.org/10.1103/PhysRevLett.104.177203
https://doi.org/10.1103/PhysRevLett.104.177203
https://doi.org/10.1103/PhysRevLett.104.177203
https://doi.org/10.1103/PhysRevLett.104.177203


WATANABE, KURITA, TANAKA, UENO, MATSUI, AND GOTO PHYSICAL REVIEW B 98, 054422 (2018)

[27] T. Ono, H. Tanaka, T. Nakagomi, O. Kolomiyets, H. Mitamura,
F. Ishikawa, T. Goto, K. Nakajima, A. Oosawa, Y. Koike, K.
Kakurai, J. Klenke, P. Smeibidle, M. Meisner, and H. A. Katori,
J. Phys. Soc. Jpn. 74, 135 (2005).

[28] K. Katayama, N. Kurita, and H. Tanaka, Phys. Rev. B 91, 214429
(2015).

[29] H. Yamaguchi, M. Okada, Y. Kono, S. Kittaka, T. Sakakibara, T.
Okabe, Y. Iwasaki, and Y. Hosokoshi, Sci. Rep. 7, 16144 (2017).

[30] P. Chandra and B. Doucot, Phys. Rev. B 38, 9335 (1988).
[31] E. Dagotto and A. Moreo, Phys. Rev. Lett. 63, 2148 (1989).
[32] F. Figueirido, A. Karlhede, S. Kivelson, S. Sondhi, M. Rocek,

and D. S. Rokhsar, Phys. Rev. B 41, 4619 (1990).
[33] N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991).
[34] J. Igarashi, J. Phys. Soc. Jpn. 62, 4449 (1993).
[35] T. Einarsson and H. J. Schulz, Phys. Rev. B 51, 6151 (1995).
[36] M. E. Zhitomirsky and K. Ueda, Phys. Rev. B 54, 9007 (1996).
[37] R. F. Bishop, D. J. J. Farnell, and J. B. Parkinson, Phys. Rev. B

58, 6394 (1998).
[38] J. Sirker, Z. Weihong, O. P. Sushkov, and J. Oitmaa, Phys. Rev.

B 73, 184420 (2006).
[39] M. Mambrini, A. Läuchli, D. Poilblanc, and F. Mila, Phys. Rev.

B 74, 144422 (2006).
[40] R. Darradi, O. Derzhko, R. Zinke, J. Schulenburg, S. E. Krüger,

and J. Richter, Phys. Rev. B 78, 214415 (2008).
[41] D. Iwanaga, Y. Inaguma, and M. Itoh, J. Solid State Chem. 147,

291 (1999).
[42] T. Koga, N. Kurita, and H. Tanaka, J. Phys. Soc. Jpn. 83,

115001 (2014); In this paper, Koga et al. obtained TN = 4.8 K
for Sr2CuTeO6 from a heat capacity anomaly. However, it was

found afterward that the anomaly occurred as a result of the
contribution of an accidentally synthesized impurity phase.

[43] S. Vasala, H. Saadaoui, E. Morenzoni, O. Chmaissem, T.-S.
Chan, J.-M. Chen, Y.-Y. Hsu, H. Yamauchi, and M. Karppinen,
Phys. Rev. B 89, 134419 (2014).

[44] S. Vasala, M. Avdeev, S. Danilkin, O. Chemaissem, and M.
Karppinen, J. Phys.: Condens. Matter 26, 496001 (2014).

[45] T. Koga, N. Kurita, M. Avdeev, S. Danilkin, T. J. Sato, and H.
Tanaka, Phys. Rev. B 93, 054426 (2016).

[46] K. Yokota, N. Kurita, and H. Tanaka, Phys. Rev. B 90, 014403
(2014).

[47] L. J. de Jongh and A. R. Miedema, Adv. Phys. 23, 1 (1974).
[48] J. K. Kim and M. Troyer, Phys. Rev. Lett. 80, 2705 (1998).
[49] H. Rosner, R. R. P. Singh, W. H. Zheng, J. Oitmaa, and W. E.

Pickett, Phys. Rev. B 67, 014416 (2003).
[50] P. Babkevich, V. M. Katukuri, B. Fåk, S. Rols, T. Fennell, D.
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