Fig. 1. Schematic representation of the "loop-gas" state. It is a sum
of all loop-gas configurations. Each configuration corresponds to a
product of Pauli operators. The loop-gas configuration determines
which Pauli operator is aligned on a given lattice.

S=1 quantum spin chain. The novel character that discrimi-
nates the Haldane phase from trivial gapped states was most
clearly revealed by the discovery of Affleck-Kennedy-Lieb-
Tasaki (AKLT) model and its exact ground state or the AKLT
state. Its compact representation in the form of a matrix-
product state provided a new insight into the Haldane phase.
As a two-dimensional system with spin-liquid state, the
Kitaev model on honeycomb lattice (KHM) is now a subject
of active research, due to recent successful realizations of
Kitaev materials. The model is exactly solvable and exhibits
gapless and gapped Kitaev spin liquid (KSL) ground states
with fractionalized excitations.

In the present work, we propose a "loop-gas" state, i.e.,
an exactly-solvable quantum state that has a compact and
exact tensor-network representation, and a series of ansatze
that starts from the loop-gas state and converges rapidly
to the KHM ground-state. The loop gas state is defined by
the loop-gas projector applied to a product state in which
all spins are aligned in the (111) direction. The loop-gas
projector is defined as tensor-network operator with bond-
dimension 2, which is represented by a sum of all loop
configurations each corresponding to a product of Pauli
operators on all lattice points. (Fig. 1) We find that the norm
of the loop gas state is exactly the same as the classical loop
gas model at the critical fugacity on honeycomb lattice. The
classical loop gas model appears in the low-temperature
expansion of the Ising model, and therefore shares the same
critical properties as the latter. These observations establishes
that the correlation function of the loop-gas state is exactly
the same as the correlation function of the critical Ising
model. Furthermore, by defining the dimer-gas operator in
an analogous way to the loop-gas operator, and applying it
to the loop-gas state, we can improve the loop-gas state as an
approximate to the KHM ground-state. (Fig. 2) For example,
the second order approximation, which is obtained by
applying the dimer-gas operator twice, achieves more than
4-digits accuracy in the energy. This is better than any other
previous variational wave function. Also, note that there are
only two adjustable parameters in the ansatz.

From these results, we conclude that the series of ansatze

Fig. 2. The series of ansatze converging to the exact KHM ground-state.
The zero-th one is the loop-gas state. The energy of the second order
approximation already attains 4-digit accuracy, which has never been
achieved by other numerical variational methods.
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starting from the loop-gas state correctly reflects the essential
properties of the family of KSLs, which is known to belong
to the Ising universality class. Since the present descrip-
tion of KSLs does not rely on the mapping to fermions, it
provides us with an alternative view point to discuss KSLs.
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Evolution of Magnetic Double Helix
and Quantum Criticality Near a Dome
of Superconductivity in CrAs

Uwatoko Group

The study of unconventional superconductivity (SC)
is one of the most vigorous research fields in condensed
matter physics. Although the underlying mechanisms for the
unconventional SC in cuprate, iron-based, and heavy-fermion
superconductors remains elusive, extensive investigations
over the last decades have evidenced quantum criticality as a
candidate mechanism for these diverse classes of supercon-
ductors. The phase diagrams of these materials often feature
a superconducting dome situated adjacent to a magnetically
ordered state, with the optimal superconducting transition
temperature (T¢) located near a quantum critical point. The
close proximity of SC to magnetic order makes it important
to elucidate the nature of magnetism.

Recently, we found CrAs as the first superconductor
among Cr-based compounds. The transport measurements
indicated that the development of SC is accompanied by the
suppression of double-helical magnetic order that is coupled
with a first-order isostructural transition at ambient pressure.
These observations make CrAs an ideal platform for in-depth
studies on how the coupled structural and helimagnetic
orders are tuned to the critical point and how the magne-
tism is coupled to the unconventional SC developed nearby.
In combinations of elastic and inelastic neutron scattering,
resistivity, and specific-heat measurements on undoped CrAs
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Fig. 1. Pressure dependencies of the double helical (DH) magnetic
transition temperature TN and the superconducting (SC) transition
temperature Tc for CrAs. Schematic views of the DH structure and
Cooper pairing are illustrated in the figure.



and P-doped CrAs;xPx single crystals and powders, we
have studied systematically the evolutions of static helical
order and dynamic spin correlations as well as the electronic
properties of CrAs when its coupled structural/helical order
is suppressed by either external pressure or the chemical
substitutions.

Neutron diffraction on the single-crystal CrAs under
hydrostatic pressure (P) shows that the combined order
is suppressed at P. = 10 kbar, near which bulk supercon-
ductivity develops with a maximal transition temperature
T. = 2 K. We further show that the coupled order is also
completely suppressed by phosphorus doping in CrAs;-xPx at
a critical x¢ = 0.05, above which inelastic neutron scattering
evidenced persistent antiferromagnetic correlations,
providing a possible link between magnetism and super-
conductivity. In line with the presence of antiferromagnetic
fluctuations near P (x.), the A coefficient of the quadratic
temperature dependence of resistivity exhibits a dramatic
enhancement as P (x) approaches P. (x.), around which #(7)
has a non-Fermi-liquid form. Accordingly, the electronic
specific-heat coefficient of CrAs;xPx peaks out around
Xxc. These properties provide clear evidences for quantum
criticality, which we interpret as originating from a nearly
second-order helimagnetic quantum phase transition that is
concomitant with a first-order structural transition.

We propose that these results can be understood in terms
of a proximity to a magnetic quantum critical point tuned by
the degree of the incipient localization of the Cr-3d states,
possibly via an orbital-selective Mottness mechanism. Our
findings in CrAs highlight the distinct characteristics of
quantum criticality in bad metals, thereby bringing out new
insights into the physics of unconventional SC such as occur-
ring in the high-T iron pnictides.
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High-T, Superconductivity up to 55 K
under High Pressure in a Heavily
Electron-Doped Lig.36(INH3),FexSe:
Single Crystal

Uwatako Group

To find out the approaches to raise the critical tempera-
ture 7. of unconventional superconductors is one of the
most enduring problems in contemporary condensed
matter physics. The principal route to raise the 7. of FeSe
is to dope electron, which has been successfully achieved
via the interlayer intercalations [A,Fex—,Sez (A = K, Rb),
Ax(NH3)yFe;Se;, and (Li,Fe)OHFeSe], interface charge

transfer, surface K dosing, and gate-voltage regulation.
Further enhancement of 7, via adding more electrons seems
to be plagued by the observed insulating state in the over
doped regime. Given the limitations of electron doping, it
is imperative to explore other routes to enhance 7. of these
heavily electron doped (HED) FeSe materials further. In
contrast to electron-doping approaches, the application of
high pressure can provide an alternative means.

In this work [1], we had performed high-pressure
measurement on Lig 36(NH3)yFexSe; single crystal, which
can reach an optimal T2™¢! ~ 44.3 K at ambient pressure.
From high-pressure resistivity and AC- susceptibility
measurement, we can conclude that superconducting transi-
tion temperature 7. = 44 K at ambient pressure is first
suppressed to below 20 K upon increasing pressure to
P. = 2 GPa above which the pressure dependence of T.(P)
reverses and 7, increases steadily to 55 K at 11 GPa. These
results thus evidence a pressure-induced second high-T.
superconducting (SC-II) phase in Lio.36(NH3),FezSez
with the highest T\"** = 55 K among the FeSe-based bulk
materials. Also it is evident that the SC-II phase is bulk in
nature for 6 GPa, whereas the sample contains two super-
conducting phases with different Tc above 6 GPa: The
high-Tc (50K) phase has a small but nearly constant volume
fraction~30% to 11 GPa, whereas the low-(33K) phase
shrinks and vanishes completely T above 11 GPa.

Figure 1 summarizes the pressure dependences of
TZ¢°, and TZ for Lio36(NH3)yFeaSes together with the
TZ¢™°, of FeSe for comparison. The temperature-pressure
phase diagram depicts explicitly the evolution of the super-
conducting phase of Lig.36(NH3)yFe2Se, under pressure. The
high-T,. SC-1 phase, intitially achived at ambient pressure via
doping electron through inserting lithium Li+ and ammonia
in between the FeSe layers, is quikly suppressed by pressure,
and the supercondiucting phase emerges above P, = 2 GPa
and exists in a broad pressure range.

To further characterize the SC-II phase, we tentatively
probe the information about Fermi surface under pressure
by measuring the Hall effect in the normal state just above
T.. Hall data confirms that in the emergent SC-II phase the
dominant electron-type carrier density undergoes a fourfold
enhancement and tracks the same trend as T.(P). Interest-
ingly, we find a nearly parallel scaling behavior between
Tc and the inverse Hall coefficient for the SC-II phases of
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Fig. 1. The T-P phase diagram of the Lio.36(NH3),FesxSe; single
crystal. The pressure dependence of the superconducting transition
temperatures 7 up to 12 GPa.
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Lio.36(NH3),FezSes.

Our present study thus demonstrates a way for high
pressure to raise 7. of these HED FeSe-based materials by
increasing the effective charge-carrier concentration via a
possible Fermi-surface reconstruction at Pe.
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Thermodynamic and Structural Studies
on Super High Entropy Liquids, Alkylated
Tetra-phenyl Porphyrins

Yamamuro Group

The fusion (melting) temperature Tr,s of molecules
usually depend on molecular mass M; the larger M is, the
higher Tfys becomes. For example, Trys of benzene (CgHs,
M = 178) is 279 K while that of biphenyl (CcHs5-CeHs, M =
154) is 342 K. This is because the intermolecular van der
Waals interaction is larger in the crystalline phase with better
molecular packing than that in the liquid phase with worse
packing.

Recently, Nakanishi group in NIMS found a series
of large molecules which exist in liquid states at room
temperature. These molecules have m-conjugated cores
such as pyrene, naphthalene, anthracene, fullerene, phtha-
locyanine and long alkylchains bonded to the cores [1]. We
consider that these alkylated molecules are stabilized by the
large entropy effect which is caused by the conformational
disorder of alkylchains. This situation is similar to that of
ionic liquids which are in liquid states in spite of their strong
inter-ionic interactions. We collectively call this type of
liquids “super-high entropy liquids (SHEL)”. The physico-
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Fig. 1. Heat capacities of 2,5-C¢C1o-TPP and 3,5-C¢C1o-TPP. The inset
shows the molecular structure of 2,5-C¢C1o-TPP.
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Fig. 2. Temperature dependence of the reduced pair distribution
functions of 2,5-C¢C10-TPP calculated from the X-ray diffraction data.
The distances corresponding to the intra and intermolecular correlations
are given in the figure.

chemical properties of SHEL have not been studied well. As
the first target we have taken 2,5-C¢Cjo-tetraphenylporphyrin
(2,5-C¢C10-TPP) and 3,5-CgCjp-tetraphenylporphyrin
(3,5-CsC10-TPP). The molecular structure of 2,5-C¢C1o-TPP
is shown by the inset of Fig. 1; two -O-CeCjo groups are
bonded symmetrically to a benzene ring in 3,5-C¢C1o-TPP.
It is quite interesting that Tys of the alkylated molecules
(2,5-C6C10-TPP, M = 2538) is lower than Ttus of non-alkyl-
ated molecules (TPP, M = 615, Tty = 723 K).

We have measured the heat capacities of 2,5-C¢Cio-TPP
and 3,5-CgC10-TPP by use of an adiabatic calorimeter in our
lab. The C,, plot shown in Fig. 1 revealed that both molecules
have a broad glass transition at around Tg = 210 K and the C,,
of 2,5-C¢C1o-TPP is 2-3 % larger than that of 3,5-C¢Co-TPP
at above T,. The configurational entropies calculated from
the C,, data are more than 1000 JK-'mol! at high temperature
limit, which is more than 10 times larger than those of usual
molecular liquids. We have also measured the X-ray diffrac-
tion of 2,5-CC1o-TPP and 3,5-C¢Cio-TPP using a diffrac-
tometer at BLO4B2, SPring-8. Figure 2 shows the reduced
pair-correlation function G(r) calculated from the diffrac-
tion data; a similar result is obtained in 3,5-CgCio-TPP.
Most of the G(r) peaks are attributed to the C-C correla-
tions in alkylchains. The broad peak at 9 A, maybe also at
4.5 A, is considered to be the correlation between porphyrin
rings. The present data suggest that the configurations of
alkylchains and porphyrin rings of 2,5-C¢Cio-TPP and
3,5-C6¢C1o-TPP are highly disordered at higher tempera-
tures and becomes ordered at lower temperatures. Now we
are measuring the quasielastic neutron scattering of both
samples to investigate the dynamics of both alkylchains and
porphyrin cores.
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Magnetic States of Coupled Spin Tubes
with Frustrated Geometry in CsCrF4

Masuda Group

When a theoretical model is realized in nature, small
perturbation terms play important roles in the selection of
the ground state in geometrically frustrated magnets. In
case of a triangular spin tube, the two-dimensional network
of the inter-tube interaction forms characteristic lattices.
Among them Kagome-Triangular (KT) lattice in Fig. 1(a) is
known to exhibit an enriched phase diagram [1] including
various types of non-trivial structures: non-coplanar cuboc
structure, coplanar 120° structure with the two-dimensional
propagation vector of kop = 0, V3 xy3 structure with
kop = (1/3, 1/3), and incommensurate structure as shown
in Fig. 1(b). We investigate the magnetic state in the model
material CsCrF4 in Fig. 1(c) and 1(d) by using neutron
diffraction technique. Temperature evolution of the diffrac-
tion profile was collected as shown in Fig. 2(a). Combination
of representation analysis and Rietveld refinement reveals
that a very rare structure, i.e., a quasi-120° structure with
kop = (1/2, 0) in Fig. 2(b), is realized at the base tempera-
ture. The classical calculation of the phase diagram eluci-
dates that CsCrFj is the first experimental realization of the
KT lattice having ferromagnetic Kagome bond. A single-
ion anisotropy and Dzyaloshinskii-Moriya interaction play
key roles in the selection of the ground state. Furthermore,
a successive phase transition having an intermediate state
represented by kop = (1/3, 1/3) is observed. The interme-
diate state is a partially ordered 120° structure in Fig. 2(c)
(2].

This study was originally initiated for the neutron study
of the Tomonaga-Luttinger liquid predicted in a spin tube
using JRR-3 research reactor before east Japan earthquake in
2010. Since the magnetic state is sensitive to impurity in the
titled compound, we need to check the reproducibility of the
data carefully. As a result, the quality of some samples used
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Fig. 1. Coupled spin tubes with frustrated geometry. (a) Kagome-
Triangular (KT) lattice. J; is the Triangular bond and J» is the Kagome
bond. (b) Phase diagram of the KT lattice. (c), (d) The crystal structure
of CsCrFy. Blue and small gray circles represent Cr3* and F- ions,
respectively. J; is the Triangular bond and J> is the Kagome bond. The
di((y )} 18 DM vector (., = A,B,O). 7%, 7B, and 7€ are the z-axes
locally defined on the Cr sites, A, B, and C. Spin tube runs along the ¢
axis in (d), and the tubes form the KT lattice in the a - b plane in (c).
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Fig. 2. Magnetic neutron diffraction profile and magnetic structures. (a)
The temperature variation of diffraction profiles in the range of 20 =
18°-33°. (b), (c) Candidates of the magnetic structures of CsCrFj4 for the
ground state (b) and the intermediated state (c).

at JRR-3 were not good, and we needed to redo the experi-
ment on selected high-quality sample using foreign neutron
facilities after 2010. All of the published data in Ref. [2]
were, thus, collected at ECHIDNA spectrometer in ANSTO
Australia. Furthermore, the difficulty of the transportation
of radioactive material such as Cs after the earthquake made
the situation complicated. Thanks to many people including
scientists, technicians, and office staff, we completed the
project.
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Magnetic State Selected by Magnetic
Dipole Interaction in Kagome
Antiferromagnet NaBaMn3F11

Masuda and Hiroi Groups

Long-range magnetic dipole-dipole (MDD) interaction
is ubiquitous in nature. In most bulk magnets, the MDD
interaction is not necessarily a primary interaction because
its energy scale is much smaller than an exchange interac-
tion. The MDD interaction, however, plays a key role in
geometrically frustrated magnets, where the geometry causes
macroscopic degeneracy of the magnetic state. For instance,
the origin of an exotic monopole state in pyrochlore oxides
is explained by the MDD interaction [1]. The frustrated
geometry and the MDD interaction are, thus, a good combi-
nation for search of a new magnetic state.

In a classical Heisenberg kagome antiferromagnet, the
ground state is known to be 120° structure with an infinite
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Fig. 1. (a) The tail-chase 120° structure on the kagome lattice. (b)
Neutron diffraction profile for NaBa,Mn3F| measured at 0.25 K. The
solid square and curves show experimental data and simulation, respec-
tively. Arrows indicate magnetic Bragg peaks.

degeneracy. A small perturbation lifts the degeneracy and
selects a unique structure, e.g., an all-in all-out structure in
case of Dzyaloshinskii-Moriya interaction [2]. The MDD is
theoretically predicted to select a tail-chase structure (Fig.
1(a)) [3]. Such a structure, however, has not been experimen-
tally identified yet to date. NaBaoMn3Fi; having a unique
kagome-triangular lattice was synthesized by Hiroi group
in ISSP [4]. It exhibits an antiferromagnetic transition at
Tn =2 K. The estimated Curie-Weiss temperature of -32 K is
smaller than those of many kagome magnets, indicating that
the exchange spin interaction is small. The MDD interaction
may be important for the determination of the magnetic state.

Recently we carried out neutron powder diffrac-
tion experiment to identify the magnetic structure of
NaBayMn3F;([5]. We observed magnetic Bragg peaks
at 0.25 K as shown in Fig. 1(b). They were indexed by a
commensurate magnetic propagation vector ko = (0,0,0),
and two incommensurate vectors k1 = (0.3209,0.3209,0) and
k> = (0.3338,0.3338,0). The magnetic structure analysis by
combination of Rietveld refinement and the representation
analysis reveals that the tail-chase 120° structure modulated
by the incommensurate vectors gives a satisfactory agree-
ment with the experiment. Furthermore, we calculated
the phase diagram with the parameters of the nearest- and
second-neighbor exchange interaction, and MDD interac-
tion. We identified that the MDD interaction solves the
infinite degeneracy and selects the tail-chaise 120° structure
in NaBayMns3Fi;. For the future perspective, the study of
magnetic dynamics is beneficial for the search for exotic
sates such as zero-energy mode induced by the MDD interac-
tion.

References

[1]J. S. Gardner, M. J. P. Gingras, and J. E. Greedan, Rev. Mod. Phys.
82, 53 (2010).

[2] M. Elhajal, B. Canals, and C. Lacroix, Phys. Rev. B 66, 014422
(2002).

[3] M. Maksymenko, V. R. Chandra, and R. Moessner, Phys. Rev. B 91,
184407 (2015).

[4] H. Ishikawa, T. Okubo, Y. Okamoto, and Z. Hiroi, J. Phys. Soc. Jpn.
83, 043703 (2014).

[5] S. Hayashida H. Ishikawa, Y. Okamoto, T. Okubo, Z. Hiroi, M.
Avdeev, P. Manuel, M. Hagihala, M. Soda, and T. Masuda, Phys. Rev.
B 97, 054411 (2018).

Authors

S. Hayashida, H. Ishikawa, Y. Okamoto?, T. Okubo®, Z. Hiroi, M.
Avdeev®, P. Manueld, M. Hagihala, M. Soda, and T. Masuda

#Nagoya University

bDepartment of Physics, The University of Tokyo

€Australian Nuclear Science and Technology Organization

4ISIS Pulsed Neutron and Muon Source, Rutherford Appleton Labora-
tory

24 ISSP Activity Report 2018

Indoor World Record of 1200 T Achieved
by the Newly Installed Electromagnetic
Flux Compression Megagauss Generator

Takeyama and Y. H. Matsuda Groups

The megagauss laboratory, ISSP, UTokyo, has a long
history of generations of megagauss fields, using electro-
magnetic flux compression (EMFC) since the original
work in the late 1970s led by the Chikazumi and Miura
group. The 1000 T project was revisited in 2010 and 2011,
supported by the funding of the MEXT for the promotion of
the basic science, and since then, we have devoted ourselves
to the installation of the megagauss generation system and
the technical improvements. Condenser bank units with
20 kV, 2 MJ for the seed feed coils, and two sets of the
main condenser bank units, 5 MJ and 2 MIJ each with
50 kV charging capability have been incorporated. The
system consisting of these condenser modules has been
installed, and tuning for operation was recently completed in
2019. The giant collector plates and the load coil clamping
units have been placed in antiexplosion chambers. Designs of
the instruments were optimized for substantial improvement
in the electromagnetic field energy conversion efficiency.
Using the newly installed system, we have successfully
generated ultra-high magnetic fields reaching 1200 T.

The magnet coil used in the EMFC method is comprised
of a single-turn steel outer (primary) coil lined with a copper
plate inside (the copper-lined (CL) coil; see Fig. 1) and
the so-called liner (a thin metal cylinder, made of copper)
which is coaxially set inside the primary coil. A pair of
seed field coils set on either side of the primary coil [1]-
[3] provides the initial magnetic flux. The liner compresses
the magnetic flux and generates megagauss magnetic fields.
The EMFC utilizes the electric energy source stored in the
condenser bank modules. A record-breaking indoor genera-
tion of magnetic field was achieved by discharging 45 kV,
3.2 MJ energy out of 5 MJ condenser units. The liner (typical
size is 119 mm diameter, 1.5 mm thickness, approximately
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Fig. 1. Overall view of the CL coil and the measurement probe setting.
The liner vacuum chamber (made of the Bakelite cylinder and the
acrylic resin plastic plates) with the measurement probe is firmly
furnished to the CL primary coil with high precision.
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50-mm length) undergoes high-speed implosion (above
5 km/s) accelerated by the magnetic force induced by a
huge electric current injected to the primary coil (3—4 mega-
Ampere) about its circumference, and the magnetic flux
(3.2 T) initially generated in a large volume (diameter 120
mm, length 50 mm) is compressed finally into a small
space (3 mm diameter, 20-30 mm length), and reaches a
megagauss magnetic field of up to 1200 T. The CL coil was
designed to improve the energy transfer efficiency of the
imploding liner. The copper lining part bears the current,
whereas the massive outer steel coil holds the inertia for the
liner acceleration. A liner vacuum chamber with measure-
ment probes are attached to the steel outer coil as shown in
Fig. 1. Thus, measurement probes are set precisely at the
liner implosion center with respect to the CL coil.

The signals obtained in this work are plotted in Fig. 2.
Details are provided in our recent paper [4]. The dotted
line is a signal taken from the pickup coil and traced up to
600 T, which is the limit of recording because of the high-
voltage induced by the rapid increase of the field. The
Faraday rotation signal was intact until the very end of the
liner implosion. The green solid line represents the field
record after the Faraday rotation signal is converted into the
magnetic field intensity. A slow-down effect was observed
followed by the peak field prior to the liner “turn-around”
phenomenon. Circles depicted in the graph shows images
of the liner cross-section during implosion. The liner inner
diameter, which corresponds to the bore of the coil, is shown
as a guide in the axis of abscissa in the middle of the figure.
Final diameter of the liner at 1200 T is estimated to be
3 mm. The maximum speed of the liner during the implosion
is estimated to be higher than 5 km/sec, which is consistent
with the “Hugoniot curve” [5], in which a field of 1200 T
hits at 5.3 km/sec.
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Determination of “Diracness” in PbTe
Tokunaga Group

One of the hottest research subjects in condensed matter
physics is so-called topological materials, in which dynamics
of charge carriers are expressed by the relativistic equations
of motion that are utilized in research field of high energy
physics. Since the relativistic Dirac/Weyl equations show
characteristic linear dispersion relation, a great number of
experimental and theoretical studies have been devoted to
explore the linear dispersion as schematically shown in Fig.
1(a), which is distinguished from the parabolic one shown
in Fig. 1(b). This parabolic dispersion, however, is merely
the expanded view of the trace in Fig. 1(a) at around the
origin. Therefore, argument based only on the appearance of
the dispersion is sensuous and insufficient to quantitatively
distinguish the Dirac/Weyl system from the others. As the
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quantitative indicator that characterizes similarity of a system
with the ideal Dirac system, which is called as “Diracness”
in the following, we focus on the ratio between Zeeman and
cyclotron energies (ZC ratio). Recent theoretical studies
revealed that this ZC ratio becomes unity for the ideal Dirac
system [1,2]. Relative magnitude of the ZC ratio and unity is
predicted to invert when topology of a material changes from
trivial to non-trivial.

To experimentally determine the ZC ratio, we studied
quantum oscillations in single crystals of PbTe through
measurements of magnetoresistance (Fig. 2(a)), magneti-
zation, and ultrasound attenuations (Fig. 2(b)) in DC and
pulsed high magnetic fields [3]. By measuring quantum
oscillations up to the quantum limit state and comparing the
results with the standard Lifshitz-Kosevich formula [4], we
determined the ZC ratio of PbTe as 0.52. In this analysis, we
clarified that when the ZC ratio becomes larger than one half,
peak-dip relation in the quantum oscillation will be reversed,
which will appear as the phase shift in the Landau level fan
diagram. The results demonstrate that observation of spin-
split quantum oscillations is crucially important to discuss
the origin of the phase shift.
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Short-Range Spin Correlations in a
Quantum Magnet Detected Through
Magnetoelasctic Couplings in a Kagome
Quantum Spin Lattice

Y. H. Matsuda, Takeyama, and Hiroi Groups

In case of quantum magnets, magnetostriction can be a
unique measure of short-range spin correlations. The spin
components perpendicular to the external magnetic field is
inherent in the local spin correlation. In quantum magnets,
magnetostriction measurement is a direct measure of the
local spin correlation.

We have recently developed a high-speed 100 MHz
magnetostriction measurement system utilizing the fiber
Bragg grating techniques [1] for the use in the u-seconds
pulsed magnetic fields beyond 100 T (megagauss region) and
1000 T (kilo-Tesla region) [2]. We found later that the system
can also be used in the milli-seconds pulsed magnetic fields
below 100 T with an appreciable high-resolution of AL/L ~
10°¢ [3]. Using the developed instrument, we have conducted
the magnetostriction measurement for the two-dimensional
quantum magnet of volborthite [4].

Volborthite (CuzV207(OH)2 - 2H20) is a fascinating
example of a highly frustrated quantum magnet. In its
magnetic layer, Cu ions possessing spin-1/2 moments form a
deformed kagome lattice as schematically shown in Fig. 1(a).
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Fig. 1. (a) The lattice model of volborthite (b) Coupled trimer model
for volborthite (c) A schematic drawing of the pantograph-like lattice
modification of the magnetostriction in the crystallographic b axis.

Owing to the lattice deformation, the anisotropic microscopic
spin model based on coupled trimers as shown in Fig. 1(b)
has recently been proposed, that now attracts attention as it
provides a mechanism for a field-induced spin nematic phase
adjacent to the 1/3 magnetization plateau. In the spin nematic
phase, spin directors that break the in-plane rotational
symmetry are formed as a result of the Bose-Einstein
condensation of bimagnon excitations. The rotational
symmetry breakings take place in the lateral direction of the
spin space, which thus implies that the measurement of the
lateral spin-correlation in this magnet is quite important.
Figures. 2(a)-(c) shows the result of the magnetostriction
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Fig. 2. (a) Magnetostriction curves of volborthite (b) Magnetization
curves of volborthite (c) A comparison of the curves of magnetostric-
tion and magnetization indicating a peculiar dependence of AL~M"-3,



measurement. A negative magnetostriction and a peculiar
dependence of the magnetostriction on the magnetization
as AL ~ M'3 are observed. The negative magnetostric-
tion in the crystallographic b axis is understandable with a
pantograph-like lattice modification. As shown in Fig. 1(c),
the Cu-O-Cu chain in the b axis is responsible for the ferro-
magnetic superexchange interaction in the coupled trimer
model. The closer the bond angles to 90 degree, the stronger
the ferromagnetic exchange couplings due to the Kanamori-
Goodenough rule, where, as a result, the bond length in the
b axis is elongated. The story is supported by a tentative
DFT+U calculations [4]. On the other hand, the peculiar
dependence of the magnetostriction on the magnetization can
also qualitatively understood as a manifestation of the short-
range spin correlation within the exchange striction model.
In the exact-diagonalization approach, it becomes clear that
the spin-correlation is indeed in between the M'0 and M%0
and close to M'3. For further studies in the future, the spin-
nematicity may show abnormal magnetoelastic response at
even lower magnetic fields at around 28 T. Another possible
study is the measurement beyond 100 T. The end of the 1/3
magnetization plateau may be detected in the magnetostric-
tion measurement.
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Semi-Metallicity of Free-Standing
Hydrogenated Monolayer Boron from MgB;

1. Matsuda Group

Two-dimensional monatomic layers in van der Waals
crystals or on solid surfaces have wide attention because of
their unique physical properties and potential applications
in quantum devices. There has been growing interests in
layers of Xenes. Recently, borophene layers were discovered
and found to have Dirac fermions. However, in contrast to
graphene, these Xene layers form only on solid surfaces. It
is, thus, necessary to develop technique to passivate it chemi-
cally so it can be placed on any substrate under ambient
conditions.

In the present research, we synthesized a free-standing
hydrogenated monolayer boron (HB) sheet and studied the
electronic states via soft X-ray spectroscopy at the B K-shell
absorption edge and the first-principles calculations [1]. As
shown in Fig.1, the HB sheet is semi-metallic with electron
and hole pockets at symmetry points of I" and Y, respectively.
The electron band results from the B-H-B bonds formed
during synthesis from a MgB» crystal, while the hole band is
kept through the process and originates from a honeycomb
lattice boron layer or borophene in MgB». Figure 2 shows
a summary of the calculation for a MgB» crystal. One can
find the one-to-one correspondence between wave-functions
of the ou-state in HB and the &;-state in MgB». The present
research reveals a relation between the surface treatment

(a) I]B—Shee[
1.72 A@EC

Fig. 1. (a) Atomic structure, and two-dimensional Brillouin zone of a
HB sheet. (b) Calculated band structure. (c) Wave function distribution
of the o-, ol-, 0i3-, and oy-states. The color of wave functions corre-
sponds to the sign of the periodic part of Bloch wave functions.

Fig. 2 (a) Atomic structure, and three-dimensional Brillouin zone of
a MgB> crystal. (b) Calculated band structure. The red dots are the
projected band structure of MgB, on B atoms. “DP” indicates Dirac
point. Dirac points shown in (b) are “cross sections” of Dirac Nodal
Loop. (c) Wave function distribution of the 8i-, &,-, and J3-states.
In (c), the color of wave functions corresponds to the sign of wave
functions.

of monatomic layer and evolutions of the two-dimensional
states, giving clues to design novel functional layers.
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Interfacial Carrier Dynamics of Graphene
on SiC, Traced by the Full-Range
Time-Resolved Core-Level Photoemission
Spectroscopy at SPring-8 BLO7LSU

I. Matsuda Group

Time evolutions of the Dirac Fermions in graphene layers
have attracted both academic and technological interests
due to observations of the various intriguing opto-electric
phenomena, such as carrier multiplications and genera-
tion of a terahertz laser. Nowadays, graphene layers can
be epitaxially grown on a SiC substrate in wide area and
such non-equilibrium carriers in the Dirac bands have been
directly probed by time-resolved photoemission spectros-
copy. On the other hand, the previous studies focused only
on electronic evolutions within a graphene layer and little
examination was made on carrier dynamics through the
graphene/substrate interfaces. Unveiling dynamic roles of
the graphene/SiC interface is necessary to understanding the
opto-electric properties in SiC based detectors, for example.

In the present research, we conducted measurements of
time-resolved core-level photoemission spectroscopy by
a combination of laser and synchrotron radiation [1]. The
experiment was performed at SPring-8 soft X-ray beamline
BLO7LSU with the beamline laser station, BLO7LASER.
Figure 1 shows temporal variations of peak positions of C
ls and Si 2p during relaxation of the surface photovoltage
effect, induced by the optical pumping with a laser pulse.
Two C 1s components are assigned to a graphene layer
(G) and a SiC substrate (SiC), while one Si 2p component
originates from a SiC substrate. Thus, the high-resolution
core-level spectra selectively distinguish dynamical infor-
mation between overlayer and substrate. While the whole
relaxation of the electron-hole recombination process takes
100 nanoseconds, one can also find difference in temporal
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Fig. 1. Time-resolved photoemission spectra for (a) C ls and (b) Si 2p
core levels of graphene layers on the SiC substrate. In (a), graphene
peaks (labeled G) and SiC peaks (labeled SiC) were distinguishably
observed. The spectral energy shift measured from the laser OFF was
extracted and shown as a function of time for (c) C ls and (d) Si 2p
core levels.
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variation between C and SiC in the subnanosecond region.
This is because carrier lifetime in the graphene layers take
longer than that of the typical interface-state of SiC by the
bottleneck effect of Dirac cones. When there is a buffer layer
between graphene and SiC, electron-hole recombination is
dominantly held at the interface and the lifetime shortens
one-order of the magnitude [1]. The selective evaluations of
carrier dynamics in non-uniform samples, such as hetero-
junctions, allow one to design and develop novel optoelectric
devices.
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Polarization Resolved High
Harmonic Generation in
Semiconducting Gallium Selenide

Itatani Group

Recent progress in ultrafast laser technology has realized
to produce strong optical fields in the mid-infrared to
terahertz spectral regions. Emergence of such intense long-
wavelength light sources triggers ultrafast strong-field
physics for condensed matters. When crystalline materials
are irradiated by intense mid-infrared pulses, for example,
extreme ballistic oscillation of electrons in a conduction band
with terahertz to petahertz frequencies occurs, and high-order
harmonics are often produced beyond a typical bandgap of
solids. So far, most of the experiments employ one-dimen-
sional study along a specific direction. However, we show
that a one-dimensional model is not suitable to investigate
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Fig. 1. Polarization resolved measurement of the crystallographic
orientation dependence of high harmonics generated in GaSe with a
high field amplitude of 10 MV/cm. Parallel (a, visible; c, infrared) and
perpendicular (b, visible; d, infrared) polarization components of the
high harmonics. Curve plots of the parallel third (e), perpendicular third
(f), parallel fifth (g), and perpendicular fifth (h) harmonics.




polarization property of HHG in solids.

In this study, we investigate polarization properties of
high harmonics produced in a 30-um-thick gallium selenide
(GaSe, e-type, [001] z-cut, hexagonal structure, non-coat).
The crystal is exposed to linearly polarized femtosecond
mid-infrared pulses with a field amplitudes of ~10 MV/cm
that are produced from a dual-wavelength optical parametric
amplifier (wavelength: 5 pm, maximum pulse energy:
15 W, pulse duration: 200 fs, repetition rate: 1 kHz) [1]. The
crystallographic orientation dependence of high harmonic
spectra is measured after a set of wire-grid polarizers in the
either parallel (Fig. 1(a), (c), (e), and (g)) or perpendicular
(Fig. 1(b), (d), (f), and (h)) to the mid-infrared field. The
observed high harmonics are extended up to the 11th order
(2.70 eV, 460 nm) beyond the bandgap (1.98 eV, 625 nm).
All even harmonics for both polarizations show modula-
tions with 60° periodicities, which is consistent with the
hexagonal structure of a GaSe crystal. In contrast to the even
harmonics, the parallel and odd harmonics show 60° modula-
tion on top of a constant offset as in Figs. 1 (e) and (g) for
the third and fifth harmonics, respectively. More surprisingly,
the perpendicular odd harmonics appear with 30° periodicity
as can be seen in Figs. 1(f) and (h). This 30° periodicity
cannot be intuitively understood from the hexagonal struc-
ture of the crystal.

To explain these results, a two-dimensional single-band
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Fig. 2. Calculated results by the two-dimensional single-band model.
(a) Lowest conduction band of GaSe and its band curvatures. (b) the
band curvature component responsible for parallel odd harmonic
generation. (c) the other band curvature component responsible for
perpendicular odd harmonic generation. Three electron trajectories at ¢
= 60° (solid black arrows), 45°(dash), and 30°(dot) are illustrated. The
maximum amplitude of electron trajectories with an electric field of 10
MV/cm is shown by the black circle. Orientation dependence of the (d)
parallel and (e) perpendicular harmonics obtained by the two-dimen-
sional single-band model with the 10-MV/cm electric field.

model described by the Bloch theorem is used [2]. This
model assumes that (i) the intraband current dominates
odd harmonics and (ii) the electron wavepacket is launched
around the T point. Detailed explanation of the model and a
verification of these assumptions can be found in Ref. [3].
We found that the band curvature (Figs. 2 (b) and (c)) of the
lowest conduction band (Fig. 2(a)) along the electron trajec-
tory is responsible for the source of odd-order harmonics.
Based on the two-dimensional single-band model, the
parallel and perpendicular odd harmonics are calculated to
show 60° and 30° periodicities as can be seen in Figs. 2(d)
and (e), respectively. These results well reproduce the experi-
mental observations of the orientation dependences and the
polarization property for all odd harmonics.

In summary, we have investigated a polarization property
of high harmonics from a bulk GaSe crystal using femto-
second MIR pulses and their dependence on crystallographic
orientation. With the 10 MV/cm electric field, the perpen-
dicular odd harmonic emerges with a periodic modulation of
30°, which cannot be explained by the perturbative nonlinear
optics. The underpinned physics of the perpendicular
component of the odd harmonics is attributed to aniso-
tropic momentum dependence of the band curvature along
the electron trajectory, which is equivalent to the inverse
effective mass. Our demonstration establishes a direct link
between the band structure and HHG in a crystalline solid.
Multi-dimensional analysis combined with time-resolved
measurement allows to investigate electron dynamics and
field-dressed structure of energy bands in future.
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