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Spin ladder

Physics in between 1D  and 2D spin systems Even-leg 
ladder

Odd-leg
ladder

Properties of S = 1/2 AF spin ladder

E. Dagotto and T. M. Rice, Science, 271, 681 (1996).
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S=1/2 two-leg spin ladder
(C!H"#N)#Cu Br$

Ch. Ruegg et al., Phys. Rev. Lett. 101, 247202 (2008) B. C. Watson, et al., Phys. Rev. Lett 86, 5168 (2001)
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Organic S =1 two-leg spin ladder 

BIP-TENO (C28H42N4O4)3, 3’, 5, 5’-tetrakis(N- tert-butylaminoxyl)biphenyl

K. Kato et al., J. Phys. Soc. Jpn. 69, 1008 (2000) 
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High-magnetic-field magnetization process in BIP-TENO

T. Sakai, et al., Physica B 346-347 (2004) 34-37.
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Higher magnetic field magnetization process should be uncovered  

T. Sakai, et al., Physica B 329–333 (2003) 1203–1204 

where J0 and J1 are the rung and leg coupling constants,
respectively. We set J0 ¼ 1 in the following analysis. The
bulk magnetization is m ¼ M=L; where M "

P
ðSz

1;i þ
Sz
2;iÞ: The saturation value is ms ¼ 2:
We consider the ground state at m ¼ 1

2 which
corresponds to the 1

4 of the saturation. According to
the strong rung coupling approximation [4], we take the
most important two states at each rung spin pair; the
singlet and the Sz ¼ 1 component of the triplet. If we
introduce the pseudospin T ¼ 1

2 to describe these two
states, the 1

4 magnetized state of the S ¼ 1 ladder (1) can
be mapped onto the m ¼ 0 state of the T ¼ 1

2 XXZ chain
including the next-nearest coupling. Based on the well-
known features of the S ¼ 1

2 XXZ chain, the ground
state is the gapless spin fluid for J2 ¼ J3 ¼ 0; while the
N!eel (dimer) state for sufficiently large J2 ðJ3Þ: The N!eel
and dimer states of the pseudospin correspond to two
different mechanisms of the 1

4 plateau of the original spin
ladder. The lower boundaries for the appearance of the
plateau were revealed to be J2B0:68J1 and J3B0:31J1 in
the strong rung limit and some quantitative phase
diagrams were given in the previous work [5]. These
critical values suggest that the mechanism based on the
third-neighbor interaction J3 is more realistic than J2:
The complicated crystal structure of BIP-TENO may
bring about the strong third-neighbor interactions. Thus
we consider the 1

4 plateau only due to J3:
To confirm the mechanism of the plateau, we

numerically calculated the magnetization curve and the
temperature dependence of the susceptibility w; using the
Lanczos algorithm applied for finite systems up to L ¼
8; and fitted them to the experimental results. After
several trials of the fitting, we found the most suitable
parameters for BIP-TENO are J1B1:7 and J3B0:4J1:

The ground-state magnetization curve based on the
numerical diagonalization of finite systems [6] for the
parameters is shown in Fig. 1. The disagreement of
Hc1 between the calculation and the experiment can
be due to the finite size effect which is generally
larger for smaller magnetization, or some other
additional mechanisms [7] in BIP-TENO. Fig. 2 shows
that the w–T curve for the same parameters, obtained
by the finite-temperature Lanczos method [8] for
L ¼ 8; well agrees with the experimental result, in
comparison with the curve for J3 ¼ 0: Thus we conclude
that the most realistic parameter set is J1 ¼ 1:7 and
J3 ¼ 0:4J1:
In summary, we presented the result of the high-field

magnetization measurement of the S ¼ 1 organic spin
ladder compound BIP-TENO, which indicated a clear
plateau at 1

4 of the saturation magnetization. The present
theoretical analyses suggest that the origin of the plateau
is possibly the frustration due to the third neighbor
exchange interaction.
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Fig. 1. Magnetization curves. Experimental result of BIP-
TENO at T ¼ 1:3 K (solid curve) and theoretical results based
on the numerical diagonalization for finite systems of the S ¼ 1
spin ladder up to L ¼ 8 (dashed curve).
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Fig. 2. Temperature dependence of the susceptibilities. The
experimental result of BIP-TENO (circles) and the numerical
ones calculated by the finite temperature Lanczos method for
the S ¼ 1 spin ladder in the cases of J1 ¼ 1:7:
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Non-destructive Destructive

Wire-wound coil ( 1 mH ) Low-inductance coil (10 nH)

1 ~ 100 ms 1 – 100 µs

20 -70 T  (Bmax =101 T) 100 – 1000 T

10 kV,  10 mF ; 500 kJ 
（a middle class capacitor bank）

50 kV,  160 µF  ;   200 kJ (single-turn)
50 kV, 4 mF ; 5 MJ (flux compression)

Non-destructive or Destructive  ?

Very long       1-10 s           45 -60 T 
generator (210 MJ, 600 MJ)

DC (10 – 45 T)       min. – day
30 MW (45 T)

Laser driven methods
ns –fs      0.0001- 100 µm2

Not suitable for 
condensed matter physics

2

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16653  |  https://doi.org/10.1038/s41598-020-73581-4
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the implosion, the Lorenz force de!ects ions and electrons clockwise and anticlockwise, respectively, gaining 
azimuthal momentum, as depicted in Fig. 1c. #e ion trajectories draw circles with Larmor radii ∼ 0.1− 1 mm 
for typical laser and target parameters in MTI. In particular, the envelope of the ion paths forms a nanometer-
scale hole at the center (herea$er called the “Larmor hole”). Since electrons are negatively charged, the result-
ant direction of the electron current Jeφ is anticlockwise, which is the same as that of the ion current J iφ . #en 
ultraintense spin currents on the order of 1015 Acm−2 run around the Larmor hole. Consequently, the currents 
from the ions and electrons work together to generate MT-order magnetic %eld Bc at the center.

Compared with other conventional approaches, the most innovative point of the current concept lies in the 
geometrically unique plasma !ow. A cylindrically converging !ow composed of relativistic electrons and ions, 
which are in%nitesimally twisted by the pre-seeded magnetic %eld in opposite directions, can e&ectively produce 
ultrahigh spin currents and consequently, ultrahigh magnetic %elds. In addition, the current geometry may be 
better suited for many practical purposes.

For over 50 years, researchers have strived to realize high magnetic %elds. Many approaches have been 
employed, including high  explosives1, 2, electromagnetic  implosions3, 7, high-power  lasers10, 11, and Z  pinches5, 6. 
#e principal physical mechanism of these works is based on magnetic !ux compression (MFC) using hollow 
cylindrical structures and pre-seeded magnetic %elds. #e present scheme also uses a similar physical con%gura-
tion. However, MTI di&ers from MFC because the ultrahigh magnetic %elds in MTI are generated by the spin 
currents induced by collective Larmor gyromotions.

Results
Two‑dimensional particle simulation. To demonstrate the expected behavior of MTI, we perform 2D 
(x, y) PIC simulations using the open-source fully relativistic code  EPOCH45. In this %rst part of EPOCH simula-
tions (v.4.10.17), we employ rather simple and ideal physical conditions to e&ectively extract the salient features 
of the underlying MTI physics. First, the simulation uses the periodic boundary conditions for particles and 
%elds, where the hollow cylindrical volume is placed at the middle of the square computational domain. #is 
con%guration simulates collective targets with multiple equally spaced microtubes inside a heated material. We 

Figure 1.  (a) Perspective view of a microtube irradiated by ultraintense laser pulses (laser con%guration is just 
schematic). Uniform external magnetic %eld B0 is pre-seeded prior to main laser illumination. (b) Top view of 
the inner plasma dynamics. Laser-produced hot electrons drive isothermal expansion of the inner-wall plasma 
into vacuum. (c) Ultrahigh magnetic %eld Bc is generated at the center due to the collectively formed currents by 
ions and electrons, which are de!ected in opposite directions by B0.

M. Murakami, et al.,
Sci. Rep. 10, 
16653 (2020)

1000 T – 1000 kT

Generation of ultrahigh magnetic fields 
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Destructive means for generation of 
a strong B exceeding 100 T

Chemical explosive driven
flux compression

Electromagnetic flux 
compression (EMFC) 

Single-turn coil (STC)

For condensed matter physics

900 F Herlach

Figure 24. Drawing to scale of a ‘top hat’ device [73]. The liner (in solid black) is shown in the
initial position as well as at one instant during the implosion (from flash x-ray).

made and assembled; in the English language the name ‘top hat’ has been adopted. Due to the
well-adjusted amount of explosive, the pulse duration is as long as is possible, and consequently
the phenomenon of field turnaround was observed reproducibly for the first time (figure 21).
These devices would be very well suited for experimental applications. The construction is
simple and fairly inexpensive, combining simple materials and manufacturing techniques with
precision of the essential parts. The explosive–liner assembly can be manufactured and stored
separately; it is inserted into the device only after this has been completely mounted on the
firing table. At Frascati, fields up to 6MGwere obtained, and a scaled-down 4MG device was
developed at IIT (Chicago) with the modest resources of a small university laboratory [73].

3.2.3. Flux compression systems with an external load. Explosive-driven flux compression
devices can be designed to deliver a strong pulse of electromagnetic energy to an external load.
These are described in detail in the previous review [65]. The load can be a single-turn coil as
in the ‘bellows’ device developed at Frascati [80]. Similar devices were developed at military
laboratories but were published later [12, 23]. The peak field is limited due to the lack of
cylindrical convergence; the highest field obtained so far is 220 T with a device incorporating
a second stage with a more substantial explosive charge [80]. In this field range, these simple
and fairly inexpensive devices provide field pulses with the longest duration, extending well
beyond peak field. They are very well suited for experiments where a longer pulse duration
is required. For shorter pulse duration, the capacitor-driven single-turn coil (section 3.4) is of
course much more convenient.

For loads with a higher inductance, helical and coaxial systems have been developed
with a high initial inductance (the field and energy amplification is proportional to the ratio
of the initial and final inductance). A different load can be adapted by means of a pulse
transformer [69]. This can also be used to optimize the connection of several generators in
series, in order to achieve very high levels of output energy from a self-contained device with

902 F Herlach

Figure 25. Schematic of an electromagnetic flux compression device in 2-pinch configuration
[117].

countries. However, it should be emphasized that high explosive is a very safe and reliable
source of pulsed power, if only a few basic precautions are taken. This is demonstrated by
the fact that explosives are used routinely for metal-forming in industry [142]. An advantage
of explosives is the flexibility of adapting devices to the need of the experiment. Instead of
a large permanent pulsed power installation with fixed characteristics, each device is rather a
self-contained package that can be redesigned as the need arises. If more electrical energy is
needed for the initial field, this can be supplied by an explosive-driven generator that can be
tailored to the application.

3.3. Electromagnetically driven flux compression

A conducting hollow cylinder can be imploded by magnetic forces in two ways. If a current
is passed in axial direction through the cylinder, the field encircling the cylinder interacts
with the current to compress it [2]. From the language of plasma physics, we take the label
z-pinch for this configuration. In the so-called2-pinch configuration (figure 25), the cylinder
is surrounded by a coil (usually, a single turn) generating a field in the axial direction in the
space between the coil and the cylinder, inducing in the cylinder a circular current which will
decay exponentially with the time constant (equation (51)) of the cylinder, allowing some of
the field to diffuse into the cylinder. The interaction of the outer field with the induced current
in the cylinder will result in implosion. The force on the cylinder can be calculated for both
cases as the difference in magnetic stress between the inside and the outside.

The maximum achievable field is determined by the implosion speed (equation (53)).
While the speed due to explosive acceleration is limited by the finite speed of sound in the
detonation products, electromagnetic acceleration is not limited in principle as the magnetic
force propagates with the speed of light. However, there are several practical limitations. The

Pulsed magnets 907

Figure 28. Schematic drawing of the front end of the ISSP single-turn coil generator.

with twomeasuring stations at the two ends of the transmission line (figure 31). The installation
has been successfully tested with a variety of coils and is now in use for experiments [140,141].
Typical field records are shown in figure 32. In these tests, it was found that at field levels
above 270 T, coil explosion becomes so violent that it is increasingly difficult to avoid sample
destruction. Another effect that showed up at high voltage are circular cuts in the measuring
probe in the mid-plane of the coil. These may be due to a pinched plasma ring that impinges
on the sample; it was indeed found that the effect depends on the insulating properties of the
surrounding medium. The Humboldt installation was designed with emphasis on experiments
at low temperatures. The axis of the coils is vertical, permitting the use of bath cryostats.
Electrical noise is substantially reduced by enclosing the entire capacitor bank including the
coil and the power supply in a Faraday cage and using optical fibres for control functions as
well as for data transmission. As a result, infrared resonances with less than 1% change in the
transmitted radiation can be clearly resolved. An example is shown in figure 33.

Single-turn coils have been dimensioned empirically, depending on the capacitor bank
parameters. The dimensions given in table 5 are likely to be close to the optimum. If the
wall thickness is reduced, coils may either be blown away too fast or explode prematurely due

Fritz Herlach, Rep. Prog. Phys. 62 (1999) 859 

100 mm

The  explosion is too big…
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France , Toulouse
(LNCMI)
Single-turn coil (V)

ISSP, UTokyo
Single-turn coil (H)
Single-turn coil (V)
EMFC

300 T

300 T

1200 T USA , Los Alamos
(NHMFL)
Single-turn coil (H)

Four single-turn coil field generators
One electromagnetic flux compression system 



10

Single-Turn Coil (STC) at ISSP
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095106-3 Nakamura et al. Rev. Sci. Instrum. 89, 095106 (2018)

FIG. 1. (a) Schematic view of the
EMFC megagauss generator. (b) Cross
section of (a). (c) Copper-lined primary
coil and a pair of seed field coils. [Repro-
duced with permission from Nakamura
et al., Rev. Sci. Instrum. 84, 044702
(2013). Copyright 2013 AIP Publish-
ing LLC.] In (a), one of the initial seed
field coils is presented in the displaced
position, for more visible view of the
primary coil. The primary coil is cov-
ered by an anti-explosive block made of
bulk iron-steel, which is omitted in the
drawing (a).

FIG. 2. Schematic diagram of the reflection-type FR measurement setup. The right part shows an optical FR probe placed in the CL coil.

The Electromagnetic Flux Compression (EMFC)
Indoor Strongest Magnetic Field Worldwide 

D. Nakamura et al., 
Rev. Sci. Instrum. 84, 044702 (2013) 

1200 T

1200 T !!
D. Nakamura et al., Rev. Sci. Instrum. 89, 095106 (2018)

Flux (Seed Coil) x 
Final diameter (Liner)

Initial diameter (Liner)Bmax ~

Setting a Coil

After the compression
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simulations, and series expansions have shown that the 1=2
and 1=3 plateaus can be quantitatively reproduced by the
Shastry-Sutherland model with a ratio J0=J ’ 0:63, and they
predict a variety of exotic phases between the 1=3 and 1=2
plateaus and above the 1=2 plateau, including several types
of supersolid phases, in particular, a first-order transition to a
1=3 supersolid above the upper critical field of the 1=2
plateau.

Experimental procedure.—A single crystal of
SrCu2ðBO3Þ2 was used for the experiment. Pulsed mag-
netic fields of up to 118 T were generated by a destructive
method; the vertical-type single-turn coil technique [24]
was used. The field was applied parallel to the c axis of the
crystal. The magnetization (M) was measured using a
pickup coil that consists of two small coils (1 mm diameter,
1.4 mm length for each). The two coils have different
polarizations and are connected in series. The sample is
inserted into one of the coils. An induction voltage propor-
tional to the time derivative of M (dM=dt) is obtained
when the sample gets magnetized by a pulsed magnetic
fieldHðtÞ, where t is the time. The induction voltage due to
dH=dt is almost canceled out between the opposite polar-
ization coils. The detailed experimental setup for the mag-
netization measurement using this vertical-type single-turn
coil method has been described elsewhere [24]. A liquid
helium bath cryostat with the tail part made of plastic has
been used; the sample was immersed in liquid helium, and
a measurement temperature of about 2 K has been reached
by reducing the vapor pressure.

Experimental results.—The pickup coil signal propor-
tional to dM=dt is shown as a function of time in Fig. 1
together with the magnetic field waveform. The obtained
maximum field is 109 T, and we name this experiment
shot A in this Letter. Distinct peak structures denoted by
labels a, b, c, c0, b0, and a0 are present in dM=dt.

They correspond to magnetization jumps at the phase
boundaries of different spin states. Indeed, a stepwise
magnetization increase gives rise to a peak in the dM=dt
curve, and the peak is positive (negative) for increasing
(decreasing) field. The one-to-one correspondence between
a and a0, b and b0, and c and c0 indicates that stepwise
transitions take place at these magnetic fields for both field-
increasing and decreasing processes without significant
hysteresis.
The magnetization curve is obtained by a numerical

integration of dM=dt; the resulting magnetization M is
normalized by the expected saturation magnetization MS.
The magnetic field derivative of the magnetization dM=dH
is obtained from the ratio dM=dt# 1=ðdH=dtÞ.
Figure 2 shows the magnetization process and the

magnetic field dependence of dM=dH at 2.1 K (shot A).
We also show for comparison the magnetizationM=MS up
to 55 T previously reported in Ref. [13], and the agreement
is good. In the present work, we only analyze the result of
the field-increasing process because the magnetic field is
less homogeneous for the field-decreasing process due to
the mechanical deformation of the single-turn coil, and the
resultant background nonlinear offset of the signal disturbs
the precise measurement [24]. The dM=dH curve shows
clear peaks labeled Hcn (n ¼ 1–6): Hc1;c2;c3 are attributed
to structure a in Fig. 1, Hc4;c5 to structure b, and Hc6 to
structure c.
We show the dM=dH curve obtained from another

experiment up to 118 T (shot B) in the inset of Fig. 2.
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FIG. 2 (color online). The magnetization curve at 2.1 K up to
109 T (shot A). Applied fields H are parallel to the c axis of the
crystal. The magnetic field derivative of the magnetization
(dM=dH) curve is displayed as a function of magnetic field H.
The dotted curve is the magnetization curve reported previously
[13]. The dM=dH curve of another measurement up to 118 T
(shot B) is plotted in the inset.

PRL 111, 137204 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 SEPTEMBER 2013

137204-2

Y. H. Matsuda, et al., 
PRL 111, 137204 (2013)

The critical behavior is observed in the vicinity of the
saturation in the dM=dH curve as shown in Fig. 1: A clear
peak labeled byHc2 in dM=dH curve corresponds to a kink
of the M-H curve observed at near Hc2. The magnetization
increases continuously between Hc1 and Hc2, in which the
M-H curve shows a convex slope.
Because of the fast sweep rate of the pulsed magnetic

field (∼8 μs), the sample undergoes a semi-adiabatic
process. The spin entropy change caused by a phase
transition is transferred into the phonons and leads to
the temperature change of the sample. Therefore, it is
necessary to consider the temperature change during the
magnetization process. Because the MCE experiment up to
100 T is impossible to be conducted with current experi-
mental techniques, we estimate the MCE effect using the
MCE reported in another magnon BEC dimer spin system.
According to Ref. [15], the temperature change at 45 T near
Hc2 in BaCuSi2O6 is around 0.03 K, where the specific
heat is 1.8 J=ðmolKÞ at 2.5 K. Then entropy change
ΔS ¼ 0.02 J=mol is estimated to be transferred from the
magnons to phonons around the phase transition point.
Because the entropy change in the spins at Hc2 should
reflect the way of the saturation of the magnetization where
the BEC phase is terminated, the entropy change should be
of more or less a similar value as other spin systems which
undergo magnon BEC with spin-1=2 dimers. Therefore, the
change of entropy observed in BaCuSi2O6 can be applied
to the analysis on TlCuCl3. The specific heat in TlCuCl3
contributed by phonons is Cphon ¼ 4 J=molK at an initial
temperature T in ¼ 2 K [23], and thus the temperature rise
from the initial temperature is estimated to be ΔS ·
T in=Cphon ¼ 0.01 K for TlCuCl3 at near Hc2. The inset
of Fig. 1 shows dM=dH for both field up-sweep and down-
sweep processes. The overlapping of both processes
implies that the temperature variation is actually small.
Thus, critical points and critical exponents can be con-
firmed and analyzed at 2 K in the present work.
Hc2 is determined by the peak in the dM=dH curve and

found to be 86.1$ 0.5 T. It is very close to the predicted
value obtained from the bond operator theory [20].
Furthermore, the continuous slope of theM-H curve keeps
its convex shape until Hc2. It indicates that the critical
exponents can be potentially different betweenHc1 andHc2
because, otherwise, it is expected that M-H curve at Hc1
and Hc2 should present the particle-hole symmetry behav-
ior, i.e., the correspondences of the shapes at Hc1 and Hc2
are suppose to be linear versus linear, concave versus
convex, or convex versus concave. In order to interpret the
observed magnetization process in more detail, we have
tried to theoretically reproduce theM-H curve with a rather
simple spin model. The lattice Hamiltonians in previous
studies are complex and include several types of interdimer
interactions [18,20]. Let us consider the following spin
Hamiltonian to describe the universality classes aroundHc1
and Hc2:

Hspin ¼ J
X

i

Si;1 · Si;2 þ J1
X

i

X

m

X

n¼x;y

Si;m · Siþên;m

þ J2
X

i

Si;2 · Siþẑ;1 − gkμBH
X

i;m

Szi;m; ð2Þ

where i denotes the site of dimers in a cubic lattice, m ¼ 1,
2 shows the position of the two spins in one dimer, ên ¼
êx;y;z represents the unit vector. Here J denotes the intra-
dimer interaction, and J1;2 are interdimer interactions in
different directions. We have set two different interdimer
interactions J1 and J2, because it is necessary to fit and
reproduce the experimental M-H curve in Fig. 2 and their
values will be shown later. The assumed lattice for theHspin
is shown in the inset of Fig. 2. The QMC calculation is
performed using a generalized directed loop algorithm in
the stochastic series expansion representation [24], as
implemented in the ALPS package [25]. The calculation
is performed with 10 × 10 × 10 unit cells, in which each
unit cell contains two spin sites. Additionally, it has been
reported that the structure of TlCuCl3 is not magnetically
frustrated, although the low-symmetry structure results in
many triangle interaction terms in the Hamiltonian [18].
In Fig. 2, the magnetization curves simulated by the

QMC calculation are shown with the experimental data.
The simulated M-H and dM=dH curves based on the

FIG. 2. Comparison between the experimental magnetization
curve and the QMC simulation results, the low field data (below
40 T) is from Ref. [20], the blue and red curves are obtained from
Eq. (2) and Eq. (3), respectively. The upper inset shows the lattice
of spin Hamiltonian. The red and blue ball represent the spin site
1 and 2 of a dimer in Eq. (2), respectively. The middle inset shows
the symmetry presentation in magnetization from Eq. (3).
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Magnetostriction

magnetostriction data in the present Letter are measured in
the longitudinal direction, ΔLkB [37].
Figures 2(a)–2(c) show the measured magnetostriction

curves of polycrystalline LaCoO3 at various temperatures,
where the sample and the strain gauge remained intact after
each pulse. ΔL=L data in Fig. 2(a) exhibit sudden increases
of ΔL=L at high fields with large hystereses between the
up-sweep (blue curves) and down-sweep (red dashed
curves) data, indicating the first order spin-state transitions,
being in good agreement with previous magnetization
[15,16], magnetostriction studies [16,29] below 100 T,
and a magnetization study beyond 100 T [30]. The
transition fields are identified using the vertical arrows
in Fig. 2(b) pointing to the peaks of dðΔL=LÞ=dB data,
which are summarized on the B-T plane in Fig. 3, which
shows a good agreement with the previous magnetization
study beyond 100 T [30]. Two striking features in Fig. 3 are
that the phase boundaries shift to higher magnetic fields
with increasing initial temperatures and that the phase
boundary with the up-sweep data shows a discrete jump at
the temperature of ≈30 K. These indicate that β and α
phases are distinct ordered phases, as is speculated in
Ref. [30]. In addition, the upper boundary of the β phase is
found to be ≈120 K.
ΔL=L is demonstrated to serve as a more direct probe of

spin crossover than magnetization [Fig. 4(a)]. ΔL=L at
50 T show, a significant response in the temperature range
from 25 to 100 K and vanishes with increasing temperature
at above 100 K, which is consistent with a previous
magnetostriction study up to 35 T [41]. In contrast,
magnetization is well susceptible even at room temperature
[41]. These indicate that, at room temperature, the

paramagnetic spin moments of the HS or IS are aligned
to the external magnetic fields, while the spin-state frac-
tions do not change [42]. On the other hand, at low
temperatures, both the spin crossover and the spin moment
alignment are taking place. Based on above observations,
we regard the change of ΔL=L as the change of spin state
fractions, as a crude approximation, hereafter in the Letter.
In Fig. 2(c), we identify three temperature ranges as

T < 30; 30 < T < 130, and T > 130 K, where the ΔL=L
curves are colored in red, blue, and green, respectively. The
former two ranges exhibit phase transitions to plateaux,
while the last range shows no transition. The temperature
range T < 30 K is characterized with the gapped behavior,
while the gapless behavior is observed in 30 < T < 130
and T > 130 K. A striking observation is summarized in
Fig. 4(b), where the heights of the plateaux in T < 30 and
30 < T < 130 K are plotted. It is clear that the plateaux
heights are sharply increased by a factor of ∼1.4 in 30 <
T < 130 K as compared to those in T < 30 K. This asserts
that α and β phases are distinct phases separated by a first
order transition line as indicated in Fig. 3 by the horizontal
dashed line. The height of the plateaux in β phase decreases
at elevated temperatures, which cloud be a result of the
increasing preoccupation of IS or HS with increasing
temperature at zero fields.

FIG. 3. Obtained spin-state transition fields of LaCoO3 plotted
on a B-T plane. The triangles pointing up and down indicate the
data in up sweep and down sweep, respectively. The triangles
filled with white and pale blue color are data from polycrystalline
[Fig. 2(b)] and single crystalline samples [38], respectively. Black
filled circles are the previously obtained transition fields reported
in Ref. [30] shown for comparison. The inset shows a possible
modification to the temperature reading of the obtained phase
diagram, which is in demand considering the adiabatic condition
of the sample during the μs pulsed magnetic field. See the main
text for the details.
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FIG. 4. (a) ΔL=L of LaCoO3 at 50 T (present study) as a
function of temperature with ΔL=L at 22 T (imported from
Ref. [41]) and magnetization (imported from Ref. [15]) shown for
comparison. (b) ΔL=L of LaCoO3 in α and β phases deduced in
Fig. 2(c) as a function of temperature. (c) Magnetization of
LaCoO3 in α and β phases imported from Ref. [30].
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of Ms = 3.06 µB/Cr (this value is estimated from the
Landé g factor of 2.04) [41]. The magnetization shows a
jump at ∼20 T with a large hysteresis loop and exhibits
a kink at ∼35 T, suggesting a first-order phase transition.
Another magnetization kink appears at ∼65 T followed by a
plateaulike behavior, which may be a phase transition to the
1/2-plateau phase. In this study, we performed magnetization
measurements on CuInCr4S8 under ultrahigh magnetic fields
up to 150 T to elucidate the full magnetization process. We
also theoretically investigated the magnetization curve of the
breathing pyrochlore magnet by using a microscopic model
with the spin-lattice coupling. Achievement of these works
can help us understand the high-field properties of a novel
type of the pyrochlore spin system that consists of two kinds
of NN exchange interactions with opposite sign.

This paper is organized as follows. In Sec. II, we show
the experimental method and the result of high-field magneti-
zation measurements. The details of measurement technique
are described in Supplemental Material [42]. In Sec. III,
we introduce the microscopic Heisenberg model incorporat-
ing the spin-lattice coupling, which can be applied to the
breathing pyrochlore magnet with J > 0 and J ′ < 0. The
numerical calculation on the effective spin model gives a
detailed and general phase diagram and magnetization curves
for CuInCr4S8. In Sec. IV, we compare the calculated mag-
netization curves with the experimentally observed ones and
discuss the characteristic features for CuInCr4S8. Finally,
the possible spin structures on CuInCr4S8 under magnetic
fields are proposed, and the strengths of several exchange
interactions on CuInCr4S8 are also estimated.

II. EXPERIMENT

A polycrystalline powder sample of CuInCr4S8, synthe-
sized by a solid-state reaction method as in Ref. [41], was used
in the present work. The lattice parameter was found to be a =
10.05970(11) Å, and the amount of intersite defects was es-
timated at most 3%. High-field magnetization measurements
were performed using a horizontal single-turn-coil (HSTC)
system up to 150 T. The pulsed-field duration time was ap-
proximately 7.3 µs. The induction method was adopted to de-
tect the dM/dt signal using a coaxial-type self-compensated
magnetization pickup coil. In order to minimize the uncom-
pensated contribution of the background signal, three sets
of measurements, in the order of sample-out, sample-in, and
sample-out, were carried out as in Ref. [34]. The detailed
procedure to obtain high-quality magnetization data under
magnetic fields up to 150 T is described in Supplemental Ma-
terial [42]. The magnetic field was measured by a calibrated
pickup coil wound around the magnetization pickup coil. The
sample was cooled down to approximately 5 K using a liquid-
He flow cryostat made of glass epoxy (G-10). The temperature
was monitored by a RuO2 resistance thermometer.

The M-H curves (up to 134 T and 150 T) and the derivative
dM/dH (up to 150 T) of CuInCr4S8 are shown in Fig. 1. The
absolute magnetization values are calibrated by comparing the
M-H curves with the previous magnetization data up to 73 T
obtained by a nondestructive pulsed magnet [41], which is
also shown in Fig. 1. Although the present data taken in HSTC
have poor signal-to-noise ratio up to ∼60 T for up sweep,
two sets of our data overlap quantitatively in the high-field

(a
rb

. u
ni

ts
)

FIG. 1. M-H curves of a powder sample of CuInCr4S8 measured
at approximately 5 K in a HSTC megagauss generator. Measure-
ments were performed up to 134 T (pink and purple curves for up
and down sweeps, respectively) and 150 T (red and blue curves for
up and down sweeps, respectively). Derivatives dM/dH of the M-H
curves up to 150 T are shown in the upper panel. The previously
reported M-H curve and its derivative dM/dH measured at 1.4 K in
a nondestructive pulsed magnet up to 73 T are also shown (orange
and cyan curves for up and down sweeps, respectively) [41]. Each
data is shifted vertically for clarity. The dashed lines in the upper
panel indicate dM/dH = 0 lines. Transition fields are denoted by
brackets or arrows in the upper panel, and drawn by the shaded areas
(first order) or dashed lines (second order) in the lower panel.

region up to 134 T, guaranteeing the high accuracy of our
measurements [42]. As seen in Fig. 1, the hysteresis opening
at µ0Hc1 ≈ 17 T (Hc1 for down sweep) once closes in the
field region from µ0Hc2 ≈ 65 T to µ0Hc2′ ≈ 82 T (Hc2′ for
down sweep), where M is almost constant at ∼Ms/2, implying
the 1/2-plateau phase. For both up and down sweeps, this
plateaulike feature survives until µ0Hc3 ≈ 112 T, then M
clearly exhibits an upturn behavior. Note that a substantial
hysteretic behavior is seen in the middle of the plateau region:

054434-2

M. Gen, et al., 
PRB 101, 054434 (2020)

CuInCr4S8
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panel of Fig. 3, the magnetic field (blue curve) increases with time
(t) and reaches 520 T at 48.4 μs after the ignition of the gap
switches of the capacitor bank power supply at t= 0. Figure 3
shows the t evolution of the transmitted light intensity at 14 K
with a red curve. The lower panel of the figure shows a magnified
view of the region from 50 to 520 T. The optical transmission at
20 and 291 K without magnetic fields is measured immediately
before conducting the destructive ultra-high magnetic-field
experiment, clearly showing the transmission levels in the
insulating and metallic phases, respectively.

The transmission at 14 K under a magnetic field starts to show
a gradual decrease at ~45 μs when the magnetic field reaches
~100 T; subsequently, the decrease is accelerated with increasing
magnetic field. Then eventually, the transmission under fields
>500 T is less than that in the high-temperature metallic phase
(291 K), which clearly shows that the insulating phase of
V1−xWxO2 (x= 0.06) is transformed to a metallic phase under
ultra-high magnetic fields exceeding 500 T. Because the transmis-
sion at 14 K keeps decreasing beyond the value corresponding to
the high-temperature metallic phase, the electrical resistivity is
expected to be lower in the high-field metallic phase than in the
high-temperature metallic phase. A lower scattering rate of
electrons is expected owing to reductions in phonon, and
magnetic scattering in the low-temperature high magnetic-field
metallic phase.

Figure 4 plots the transmission at 14 and 131 K as functions of
the magnetic field. Because the experiment at 131 K was
performed with a lower energy for magnetic-field generation,
the maximum field was 240 T. The transmission at zero field is
lower than that at 14 K because the temperature is close to TMI.
The inset shows the change in the transmission (Δ Trans.) as a
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Magnetization measurement

cables. A double-walled shielding box is used in order
to shield the digital oscilloscope against the enormous
discharge noise that accompanies high field generation. It is
placed close to the anti-explosion chamber of the STC in
order to minimize the length of the co-axial cables for signal
transmission. The outer wall of the shielding box is made
of iron with a thickness of 2.5mm, and the inner wall
is made of aluminum with a thickness of 3.0mm. The
magnetic field is measured by the pickup coil, which is
wound 4 turns around a polyimide tube (a diameter of
1.62mm) by a copper wire (a diameter of 60 !m), which
is coated with polyamide imide to provide high electrical
insulation.

2.1 Magnetic pickup coils
In experiments that employ a pulsed magnetic field, a

huge voltage is momentarily induced across the pickup coil.
This induced voltage reaches as much as 2 kV in a pickup
coil that is wound 20 turns around a rod with a 1mm
diameter in a field of 100 T. Two kinds of parallel-type
magnetic pickup coils have been proposed as optimal for
STC experiments: one-way counter (parallel) winding and
alternative winding, which are shown in Figs. 4(b) and 4(c),
respectively, in ref. 4. We have ensured that parallel one-
way counter winding with 28 turns can survive magnetic
fields of up to 100 T, due to improvement of the electrical
insulation of the polyamide-imide-coated copper wire,
which ensures insulation up to 6 kV.

We adopted the parallel-type magnetic pickup coils and
wound the 60-!m wire 20 turns around a Kapton tube with a
diameter of 1.12mm diameter and a thickness 0.06mm. A
photograph of the magnetic pickup coil wound in this way is
shown in the photo inset of Fig. 1. When the magnetic
pickup coil was properly positioned inside a coil, the
induced voltage of 2 kV was reduced to less than 1V, which
led to compensation ratios of less than 5! 10"4, without

an assist of any auxiliary compensation coils. In the past,
the residual uncompensated signal that results from the
imbalance between the two opposite windings has thus far
been reduced further down to a factor of 10"2, by means of
the electronic compensation circuit mixing of the signal
from an auxiliary coil. Unlike the case of a long pulse
magnet, the pulse field produced by the STC operates at
several MHz. Therefore, complete compensation obtained
by the mixing of the signal from the auxiliary coil is made
difficult only by the resistance network. It is crucial for self-
compensation to take place only through the pair of counter
windings in order to achieve actual compensation of the
magnetization data in the STC.

2.2 Magnetic field distribution inside a V-STC
We measured the magnetic fields of different positions

inside a 14-mm-inner-diameter STC simultaneously by
means of five pickup coils (see Fig. 2), each of which was
calibrated. The coils were wound 4 turns around 1.12-mm-
diameter Kapton tubes that were fixed vertically at the same
height with horizontal distance of 2mm between each tube
[inset photo of Fig. 2(a)]. A peak magnetic field of over
100 T was generated, which was discharged from a 100 kJ
fast operating condenser bank with 40 kV. The results are
shown in Fig. 2 as a result of the simultaneous measurement
of magnetic fields at 5 positions in a horizontal x direction
inside a V-STC with a 14-mm-inner diameter. The x and y
(radial) direction is horizontal, and the z direction is that of
the magnetic field [as indicated in the inset of Fig. 2(b)]. The
overall pulse waveforms from the 5 pickup coils are almost
identical [Fig. 2(b)]. However, at around a peak field, when
the scale is enlarged [Fig. 2(a)], differences can be noted not
only in the maximum value itself, but also in the time at the
maximum of a pulse magnetic field. The peak field is the
lowest at the center of the coil, and it becomes larger as it is
closer to the inner wall of the coil (off-center). We noted an

Fig. 1. (Color online) Overall schematic diagram of the measurement system for magnetization applied in the V-STC system. Characteristics is a missing
of both the compensation coil and the electronic compensation circuit for mixing.
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FIG. 1. Magnetization process of a single crystal of BIP-
TENO measured with the µs single-turn coil (red curve). The
light-blue curve shows the magnetization process of another
single crystal of BIP-TENO with a non-destructive ms pulsed
magnet.

FIG. 2. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.
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FIG. 1. Magnetization process of a single crystal of BIP-
TENO measured with the µs single-turn coil (red curve). The
light-blue curve shows the magnetization process of another
single crystal of BIP-TENO with a non-destructive ms pulsed
magnet.

FIG. 2. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

3

FIG. 3. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 4. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 5. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

Raw data of dM/dB
Time profile of the magnetic field
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160 T shot

Non destructive coil (short pulse)  :   Δt ~ 5 ms

Pulse duration 
Δt ~  6 µs
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FIG. 3. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 4. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 5. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

dM/dB peaks observed in the 
160 T-magnetic field

3

FIG. 3. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 4. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 5. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.
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Magnetocaloric Effect (MCE) ? 4

FIG. 6. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

　
FIG. 7. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 8. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

Non destructive magnet

4

FIG. 6. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

　
FIG. 7. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 8. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

1/4 plateaugap close

Adiabatic condition (6 μs) can make 
temperature lower.

However, we have no indication of any  
phase boundaries at around 50 T.

Irreversible heating becomes large after 
the gap closes. (B > 10 T)

Magnetostriction ??
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Magnetostriction can be an origin for the discrepancy between the 
magnetization curves in different-pulse-duration magnetic fields

Fiber Bragg Grating (FBG) 
was used as a strain-gauge

Long pulse ( > 1 ms)

Short pulse ( < 1 ms)

* B // leg direction // striction direction 
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FIG. 9. Use the figure* environment to get a wide figure that
spans the page in twocolumn formatting.

FIG. 10. Use the figure* environment to get a wide figure
that spans the page in twocolumn formatting.

Magnetostriction of BIP-TENO Magnetostriction at 20 T with 
different speed of the magnetic field
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(a) 

一次元的積層 

(a) (b) 

模式図 

(c) 

図 36. BIP-TENOの結晶構造 
(a) ac投影面 (b) ab投影面 数字はO･･･O原子間距離(Å) 

(c) 一次元鎖内の積層様式(分子のt-Bu基を省略) 数字はO･･･O原子間距離(Å) 

N. Hasegawa 
Master thesis (Osaka Pref. Univ. 2011)

Molecular arrangement of BIP-TENO 
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interactions when magnetic field 
is applied.
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2

U

L

J0 J1 J2

FIG. 1. Description of the extended Gelfand ladder. We
consider Heisenberg-type isotropic exchange interactions. An
artificial condition is coupling constants along leg and diago-
nal directions are the same strength.

in Fig. 1. The Hamiltonian under the periodic boundary
condition is given as

H = J0

LX

i=1

SU,i · SL,i

+ J1

LX

i=1

(SU,i + SL,i) · (SU,i+1 + SL,i+1)

+ J2

LX

i=1

(SU,i + SL,i) · (SU,i+2 + SL,i+2)

� h
LX

i=1

(Sz
U,i + Sz

L,i), (1)

where a subscript U (L) specifies the upper (lower) leg
and i is an index along legs. Hereafter we assume all the
interactions to be antiferromagnetic (J0, J1, J2 � 0).

We can rewrite the Hamiltonian by introducing a new
SU(2) spin operator Ti ⌘ SU,i + SL,i on a dimer as

H =
J0
2

LX

i=1

T 2
i + J1

LX

i=1

Ti · Ti+1

+ J2

LX

i=1

Ti · Ti+2 � h
LX

i=1

T z
i , (2)

where we use T 2
i = 4+2SU,i ·SL,i and ignore a constant

term. Since each T 2
i commutes with H, its eigenvalue

ji(ji + 1) (ji 2 {0, 1, 2}) is a good quantum number.
Thus this model is equivalent to spin chains with di↵erent
values of the spin at each site.

If the J2 term is absent, this model is called the S = 1
Gelfand ladder [4, 18, 19]. The S = 1/2 Gelfand ladder
has been studied by Honecker, Mila, and Troyer [19] and
later, the general spin cases are studied by Chandra and
Surendran [4]. They analytically revealed that the S = 1
Gelfand ladder holds the 1/4-plateau state depicted in
Fig. 2 (a), where rung singlets and rung triplets alter-
nately aligned.

We can exactly discuss the ground state including the
1/3 plateau in the same way as in the Gelfand ladder [4,
18]. Let us consider a decomposition of the Hamiltonian

into a sum of the local Hamiltonian H =
PL

i=1 Hi. In
general, the lowest eigenvalue of Hi gives a lower bound
of the ground state energy. As we will show below, for a
particular case, there is Hi such that its three-site local
ground state is a direct-product state. From it, we can
construct an eigenstate of the total system, which is the
ground state of Hi for all i. Since such a state achieves
the lower bound of the ground state energy, it is an exact
ground state of the full Hamiltonian H.

Let us assume J1 = 2J2 and J0 � 3J2. Completing the
square yields the simple form of a local Hamiltonian,

Hi =
J0 � 3J2

6
(T 2

i +T 2
i+1+T 2

i+2)+
J2
2
(Ti+Ti+1+Ti+2)

2

�
h

3
(T z

i + T z
i+1 + T z

i+2). (3)

Since the five terms in Hi commute with each other, the
eigenvalue of Hi is written as

E(ji, ji+1, ji+2, j
tot
i , jz,toti ) =

J0 � 3J2
6

i+2X

k=i

jk(jk + 1)

+
J2
2
jtoti (jtoti + 1)�

h

3
jz,toti , (4)

where jtoti (jtoti + 1) and jz,toti is the eigenvalue of

(
Pi+2

k=i Tk)2 and
Pi+2

k=i T
z
k , respectively.

The problem to find the lowest eigenvalue of Hi in
the magnetic field can be solved by finding a minimum
of Eq. (4) for each jtoti . The positivity of the field-
independent terms in E indicates 0  J2  J0/3. Since
jk is a non-negative integer and satisfies

Pi+2
k=i jk � jtoti ,

we have [20]

min
{jk}

i+2X

k=i

3jk(jk + 1) =

(
jtoti (jtoti + 3) (jtoti = 3n)

(jtoti + 1)(jtoti + 2) (otherwise)
,

(5)

where n is a non-negative integer. In the case of jtoti =
3n, E takes the minimum at jk = n for all k, and if jtoti =
3n±1, (ji, ji+1, ji+2) = (n±1, n, n) and its permutations
achieve the minimum of E. For the last term in Eq. (4),
we can set jz,toti = jtoti if the external magnetic field h
is positive. As h increases, jtoti rises from 0 to 6 in steps
and its change occurs at

T. Sugimoto, et al., Phys. Rev. B, 92, 125114 (2015).

Renormalization-group method

α = tan-1(J/J⊥) β = tan-1(J2/J1)

H. Kohshiro, et al., arXiv 2102.07473  (2021).

Symmetry breaking with nontrivial periodicity 

S=1/2 S=1

J^

J1

J3
J^ = 1

J1 = 0.1
J3 = 0.06
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Summary

2/3

1/4
1/3

1/2

130 ~ 160 T

1. The novel 1/3 plateau is found to only 
appear when B is swept in μs time scale.

2. In a slow B sweep, 1/4 plateau (green 
curve) is stabilized probably due to the 
contraction of the lattice. 

3. The measured intriguing magnetization 
process (red one) is due to metastable 
quantum phases with spin-lattice separation.

4. The characteristic time scale for the 
lattice deformation would approximately be 
0.5 ms.

S=1 two-leg spin ladder 
BIP-TENO 

4.2 K
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