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4) Research accomplishments

Our research accomplishments during the award involved experimental studies of
correlated electron systems and quantum magnetism. The techniques of crystal growth,
neutron scattering, x-ray scattering, and thermodynamic & transport measurements were
employed, and seven graduate students and three postdoctoral research associates were
trained in these techniques. Our research lead to several significant results. These results
highlight the complementary and fruitful relationship between crystal growth and

scattering studies. The following is a listing of the papers resulting from the research:
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The main objective of the project was research using scattering techniques and crystal
growth to understand the physics of several important correlated electron and quantum
spin systems. A better understanding of these materials may eventually lead to their use
in superconducting applications or in quantum information. From a basic science point of
view, the idea that the supeconducting copper-oxides may be on the verge of quantum
disorder has led to great interest in the possibility of quantum disordered spin ground
states (called the spin liquid). It is expected that such systems will have remarkable new
properties such as the fractionalization of the spin quantum number. For example, the
usual S=1 spin wave excitation may be broken up into a pair of S=1/2 excitations (called
spinons). This phenomenon is well known in one-dimensional spin chains, but has so far
been elusive in two-dimensional systems, even though some recent reports are strongly
suggestive. Since the kagome lattice tends to frustrate spin ordering, this is an especially

promising place to look for a spin liquid.

One highlight of the research resulting from this award has been the recent work
“Fractionalized excitations in the spin liquid state of a kagome lattice antiferromagnet”
(T.-H. Han, et al, Nature 492, 406 (2012)). This work has generated much excitement in
the community of quantum magnetism. It also highlights the power of neutron scattering
to discover new physics. One can summarize the result as a triumphant experimental
"triple play"--1) making large, high-quality single crystals, 2) performing inelastic
neutron scattering, 3) testing a hallmark prediction of quantum spin liquids for the first
time. Neutron scattering can uniquely probe the spin excitations, and thereby test the
fundamental idea that the excitations are "fractionalized". The reason this couldn't be
done previously was the lack of crystals of sufficient size. Our recent breakthrough in
crystal growth, combined with the new neutron scattering capabilities, have enabled this

exciting discovery.

The experimental realization of quantum spin liquids has been a long-sought goal in
physics, as they represent new states of matter. Quantum spin liquids cannot be described
by the broken symmetries associated with conventional ground states. In fact, the

interacting magnetic moments in these systems do not order; however, they are highly



entangled with one another over long ranges. Spin liquids play a prominent role in
theories describing high-Tc superconductors, and the topological properties of these state
may have applications in quantum information. A key feature of spin liquids is that they
support exotic excitations carrying fractional quantum numbers. However, detailed
measurements of these “fractionalized excitations” have been lacking. Our neutron
scattering measurements on single crystal samples of the spin-1/2 kagome lattice
antiferromagnet ZnCu3(OD)sCl2 (also called herbertsmithite) provide striking evidence
for this hallmark signature of spin liquids. At low temperatures, we find that the spin
excitations form a continuum, in contrast to the conventional spin-waves expected in
ordered antiferromagnets. The observation of such a continuum in a two-dimensional
magnet is a remarkable first. The results also serve as a key fingerprint of the quantum

spin liquid state in herbertsmithite.

In addition to the neutron project on herbertsmithite, we are involved in collaborations
which use our single crystals for a variety of other important measurements. In the past
year, we have grown new herbertsmithite crystals which are partially enriched with *O
for NMR studies with T. Imai (McMaster University). This allows for deeper studies of
the magnetic fluctuations at the NMR time scale, where one can distinguish the influence
of impurity moments on the intrinsic spins. We have been collaborating with N. Gedik
(MIT) who has performed optical conductivity on our samples. These measurements can
indirectly probe the effects of the emergent gauge field which is another signature of the
spin liquid. We find a power law to the frequency dependence that has been predicted in
theories for spin liquid ground states (D.V. Pilon, et al, Phys. Rev. Lett. 111, 127401
(2013)). We have also collaborated with the group of L. Li (University of Michigan) to
perform measurements of the magnetization in high field. We find that above ~10 Tesla,
the susceptibility of herbertsmithite becomes temperature independent below 10 K. This
indicate that high fields may close any intrinsic gap in the spin fluctuations (T.Asaba, et

al, Phys. Rev. B 90, 064417 (2014)).

We have also studied an S=1/2 organic-inorganic hybrid kagomé compound named

Cu(1,3-bdc). Again, using hydrothermal synthesis methods, small single crystals of



Cu(1,3-bdc) as large as 2.2 mg in mass have been grown. Single crystal specific heat
measurements indicate an ordering transition taking place at Tn = 1.8 K. Elastic neutron
diffraction has revealed that the kagome planes order ferromagnetically below Tn, with
an antiferromagnetic order between planes. Hence, Cu(1,3-bdc) appears to be a good
realization of a ferromagnetic S=1/2 kagome material (with weak interlayer coupling). In
fact, initial inelastic neutron scattering on a partially aligned crystal sample reveals a
strikingly flat magnon mode, which is separated from the other magnon modes by a small
energy gap. By comparing to the equivalent model of bosons with nearest neighbor
hopping on a kagome lattice plus the addition of a spin-orbit coupling term, the magnon
structure factor can be well described. Interestingly, it is believed that this isolated flat
band is characterized by a non-trivial Chern number. In fact, there are strong analogies
between what we see and theoretical models for obtaining the fractional quantum hall

effect at room temperature. A manuscript on this work has been submitted.

We have synthesized and studied other compounds with spins on highly frustrated
lattices. This allows us to probe different phases in frustrated magnets which do not have
spin liquid ground states. Such states may be characterized by glassy behavior, such as on
the pyrochlore lattice composed of corner-sharing tetrahedra (D.K. Singh, et al, Phys.
Rev. Lett. 109, 247201 (2012)). For larger spin in the kagome lattice, such as S=1, there
are various theoretical proposals for interesting physical states, but there are not good
samples. We have synthesized such a S=1 kagome lattice and find that competing
interactions leads to glassy behavior upon cooling (D.E. Freedman,et al, Chem. Comm.

48, 64-6 (2012)).

We have also grown many single crystals in the family of Bi2Ses compounds, which are
well-known examples of “topological insulators.” In these materials, spin-orbit coupling
leads to insulating behavior in the bulk, while the surface state is conducting. The surface
state is protected by time-reversal symmetry and should be immune to disorder which
does not break this symmetry. We have collaborated with photoemission scientists at
Brookhaven National Lab (T. Valla and Z. Pan) to study the effects of magnetic dopants

on the surface as well as the effects of electron-phonon coupling (Z.-H. Pan, et al, Phys.



Rev. Lett. 106, 257004 (2011), Z.-H. Pan, et al, Phys. Rev. Lett. 108, 187001 (2012), T.
Valla, et al, Phys. Rev. Lett. 108, 117601 (2012)).

Prior to 2010, the research in this project had focused on materials which exemplified
unconventional superconductivity and quantum magnetism in a one-dimensional system.
We performed several studies single crystals of NaxCoOz, which is an S=1/2 triangular
lattice material that can be doped to become a superconductor. We found that for the
doping level of x=0.5, there exists a charge ordered and spin ordered state at low
temperatures. Using polarized neutron scattering, we could determine the spin ordering in
the form of a pattern of stripes (G. Gasparovic, et al, Phys. Rev. Lett. 96, 046403 (2006)).
For TiOCl, we showed that this material was the best example of the famous spin-Peierls
state. Using inelastic x-ray scattering, we measured the dynamics of the soft phonon for
the first time (E.T. Abel, et al, Phys. Rev. B 76, 214304 (2007)). We also performed
single crystal diffraction in a diamond anvil cell to measure the structural phase transition
which occurs simultaneously with the insulator-to-metal transition above 13 GPa (Phys.

Rev. B 81, 201103(R) (2010)).



