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Quantum Spin Solid in the Two-Dimensional Kagome Lattice Antiferromagnet
Mahidol University, Thailand Kittiwit Matan

This work is an attempt to answer one of the most fundamental and most difficult questions in condensed matter
physics. This question was discussed in a much-celebrated paper written by Phillip W. Anderson in 1972, titled
"More is different," [1] in which Anderson outlined emergent phenomena of many-body systems, such as electrons in
a lattice. The collective behaviors of many interacting electrons can be strikingly different from those of a single
electron as Anderson wrote, "the whole becomes not only more than but very different from the sum of its parts."
Examples of the collective behaviors in the interacting-electron systems are high-transition temperature
superconductivity and fractional quantum Hall effect. Here, we will be focusing on the collective behavior of
interacting electron-spins and asked ourselves, what happens if we put a bunch of spins, which are strongly
interacting with one another, in the lattice? What is the ground state of this system? We will restrict ourselves to
the case where the interactions among the spins are antiferromagnetic and short-range; that is, they prefer the

anti-parallel alignment and the exchange interactions are between nearest or next-nearest neighbors only.

(@ & singlet

A
A

Figure 1. (a) Classical Néel state and (b) quantum spin state.

This question has been asked for quite some time and many physicists have put a lot of efforts to unravel it. We
can divide the answers into two descriptions. In the first description, which I will call a classical description, it is
believed that a spin will behave like a classical object (imagine an arrow). It is argued that in the ground state these
spins will be in the up-down-up-down state or the Néel state as shown in Figure 1(a). However, in the description of
quantum mechanics, this classical up-down-up-down state cannot possibly be the lowest energy state since it is not

an eigenstate of the spin Hamiltonian

where | >0 is the exchange interaction and the summation is over the nearest-neighbor spins. Quantum
mechanically, the spin S; is an operator in the spin Hamiltonian. In the simplest case of two spins, the ground state

is a singlet state, which is non-magnetic and is an antisymmetric linear superposition of the up-down and down-up

25



states. For a system with a large number of spins, the quantum ground state can become quite complicated. In fact,
it remains one of the unresolved questions in condensed matter physics. However, one can obtain a clue from the
two-spin, singlet state, and imagine that the lattice could be covered by a network of singlet pairs as shown in Figure
1(b). Hence, the ground state in this case is the antisymmetric linear superposition of these singlet covering states,
forming a single quantum-mechanical state for the whole system called quantum spin liquid. However, if the singlet
covering is ‘static’, breaking the translational symmetry of the crystal, this quantum state is called a quantum spin
solid or valence-bond solid state. (The latter is what we observed in the material we studied that I will discuss later.
However, the valence-bond solid state we observed does not break the translational symmetry of the underlying

lattice, since the lattice distortion in fact stabilizes this state.)

So, which description is realized in a real system? It turns out that most real systems form the classical state
instead of the quantum state because the quantum fluctuations are not large enough to suppress the Néel state and

to give rise to the quantum states.

Our goal here is to search for the quantum states in a real system. Hence, we would look for a system where the
Néel state is most likely suppressed and the quantum fluctuations are enhanced. Normally, the systems that are
most likely to show the quantum states are low dimensional systems with low spins, such as the S=1/2
one-dimensional spin chain or two-dimensional Shastry-Sutherland lattice. However, the Néel state can also be
suppressed by frustrations. Therefore, we decided to look for the quantum states in a geometrically frustrated
system where the incompatibility between the global topology of the underlying lattice and local spin interactions
prevents or suppresses the formation of the classical Néel state. Examples of the geometrically frustrated lattices
are the triangle-based lattices, such as the triangular, kagome and pyrochlore lattices. In particular, the kagome

lattice, which is comprised of corner-sharing triangles, is one of the most highly frustrated lattices in two dimensions.

Figure 2. (a) A crystal structure shows the connectivity of the Cu2* ions. (b) Dimers (blue bonds) form the
pinwheel VBS state. The exchange interactions are labeled as J1 > JJo > oJ3 > J4.

The realization of the kagome lattice antiferromagnet that we chose to study is RbeCusSnFi2 [2, 3]. In this
system, the magnetic S=1/2 Cu?* ions form the deformed single-layer kagome lattice as shown in Figure 2(a). The
slightly distorted kagome plane yields four different antiferromagnetic exchange interactions as labeled in Figure
2(b). The system does not order magnetically down to 1.3 K. Instead, the magnetic susceptibility rapidly decreases
toward zero at low temperature, indicative of the non-magnetic, singlet ground state. In magnetic field, the

magnetization sharply increases as the applied field exceeds Hc ~ 20 T as the result of the breaking of the singlet

26



pairs. The spin Hamiltonian for this system slightly differs from the isotropic case discussed above due to the
presence of the antisymmetric Dzyaloshinskii-Mariya interaction. Therefore, to first approximation, the spin
Hamiltonian is given by:
H= Z Ui+ 8+ Dy - (Six )],
<>

where J;; (J; >J, >3 >],) are the nearest-neighbor interactions and D;; are the Dzyaloshinskii-Mariya vectors,
which scale with the corresponding exchange interactions. The singlet pairs (dimers) or valence bonds are formed
between two spins bonded by the largest exchange coupling J;. The valence-bond pattern around a hexagon

resembles a pinwheel; hence this state is called the pinwheel valence bond solid state (Figure 2(b)).
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Figure 3. Intensity contour maps show the singlet-to-triplet dispersions along two high symmetry directions, along kx (a)

and along ky (b). The solid lines represent the best fit to the dimer series expansion.

Inelastic neutron scattering was used to verify this quantum state. Unlike the classical counterpart (the Néel
state), the quantum state formed by singlet pairs decorating the lattice is non-magnetic and lacks static order.
Therefore, one has to excite or break the dimers and measure the excited states, which are S=1/2 spinons, in the case
of the quantum spin liquid, or S=1 singlet-to-triplet excitations, in the case of the valence bond solid. Our neutron
scattering measurements were conducted at two triple-axis spectrometers, HER and GPTAS, operated by the
Institute for Solid State Physics, University of Tokyo. Since we expected the valence bond solid state for RbeCusSnFis,
we searched for the singlet-to-triplet excitations and their dispersion relation, from which we would be able to model
the arrangement of the singlet pairs and verify the pinwheel valence bond solid state.

Inelastic neutron scattering data measured on a single-crystal sample of Rb2CusSnFi2 show two highly
dispersive modes of the singlet-to-triplet excitations along two high symmetry directions (Figure 3). At the zone
center, the convoluted fit with the resolution function yields the gap energies of 2.35(7) meV and 7.3(3) meV. The
measurements of the gaps in the presence of applied magnetic field reveal the Zeeman splitting of the lower gap but
no splitting of the upper gap. These results show that at zero field the lower branch is twofold degenerate
representing the triplet states with S%; = +1, whereas the upper branch is non-degenerate representing the Sz, =0
state. The solid lines represent the best fit to the dimer series expansion up to eighth order in the interdimer
exchange and Dzyaloshinskii-Moriya interactions. We obtain the best fit to the dispersions for J1=18.6 meV,
J2=0.95.J1, J3=0.85.J1, J4=0.55./1 and d.=0.18 where d, = D7 /J; [4].

The ground state of the frustrated systems is very sensitive to small perturbations, and therefore could
potentially give rise to diverse ground states. In a family of the spin-1/2 distorted kagome lattice antiferromagnets
A2Cu3SnF12 where A = Cs and Rb, two structurally similar compounds exhibit strikingly different magnetic ground

states. On one hand, RbeCusSnFi2 exhibits the pinwheel valence bond solid state as discussed above. On the other
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hand, the spins in Cs2CusSnF12 order magnetically below Tx = 20.2 K [3]. The origin of these different ground states
in this family of compounds remains unclear and is one of our future research topics. We believe that a
comprehensive understanding of this mechanism will lead us to other unanswered questions in the field of strongly
correlated electrons including the quantum spin liquid state and high-transition-temperature superconductivity.
This work would not be possible without the ‘collective’ efforts of all collaborators. First and for most, I would
like to thank Taku (Prof. Taku J. Sato) who had supervised me during my postdoc years at ISSP and has been
continuing to do so even after I left ISSP. Without his guidance, this work and many other works at ISSP would not
have been possible. Taku was recently promoted to a professor at Tohoku University where our collaborations will
continue. I also would like to thank Tanaka-sensei and Ono-san at Tokyo Institute of Technology for entrusting us
with their wonderful samples. As far as I know, they are currently the only group in the world who can synthesize
this family of the kagome lattice antiferromagnets. Yamaura-san at ISSP helped us with the single-crystal x-ray
measurements. On the theoretical side, I would like to thank Fukumoto-sensei at Tokyo University of Science. Iam
also indebted to Tokunaga-san for allowing me to use his high-field magnet on the jarosite project. Furthermore, I
feel grateful to members of Sato Laboratory, Rei Morinaga, Soshi Ibuka, Kazuki Iida, Ryota Akiyama, Yusuke Nambu,
Ninomiya-san, and other members in the neutron group for making me feel at home in Kashiwa. My two-year stay
as postdoc at ISSP is not only the most productive period of my life academically, but has also paved the way for my
future academic career in Thailand. I am very thankful to the institution and her people for giving me a wonderful
opportunity to work at ISSP. T really wish that our collaborations will continue and will look forward to my next

visit to ISSP.
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