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In strong magnetic fields beyond 100 T, the significant Zeeman energy competes with the lattice
interactions, where a considerable magnetostriction is expected. However, the microscopic observation of
the magnetostriction above 100 T has been hindered due to the short pulse duration of microseconds and
the coil’s destruction. Here, we report the observation of the giant and anisotropic magnetostriction of ∼1%
at 110 T in the spin-controlled crystal β-O2 by combining the single-shot diffraction of an x-ray free-
electron laser (XFEL) and the newly developed portable 100 T generator (PINK-02). The soft and
anisotropic response of β-O2 should originate in the competing van der Waals force and exchange
interaction and also the frustration of spin and lattice on the triangular network. The XFEL experiment
above 100 T using PINK-02 enables microscopic investigations on materials’ properties at high magnetic
fields, providing insights into how spins contribute to the stability of crystal structures.
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Magnetic fields are fertile ground for novel findings in
diverse scientific disciplines, ranging from condensed
matter physics and planetary science to biological science.
The primary objective of applied magnetic fields on
materials of a few to a few tens of Tesla are to see and
change the electronic and magnetic states [1,2], which is
constrained by the limited scale of Zeeman energy [3]. On
the other hand, magnetic fields beyond ∼100–1000 T are
the frontier where they are expected to break the crystal
state of materials. Zeeman energy at 1000 T amounts to
1340 K, which competes the crystal lattice’s energy. Even
with a magnetostriction of ΔL=L ¼ 10−6 at 1 T, the

extrapolation with the relation ΔL=L ∝ B2 gives a signifi-
cant magnetostriction of 1% and 100% at 100 and 1000 T,
respectively, making us believe that some drastic change in
the relation between spin and lattice happens above 100 T.
Meanwhile, the magnetic field can also be a valuable tool
for modifying the crystal in a manner distinct from other
stimuli, such as pressure, strain, chemical substitution, and
photoirradiation.
Solid O2, a spin-controlled crystal, is the representative

candidate for a magnetic-field-induced lattice changewhere
the strong spin-lattice coupling is in play [4,5]. O2 is a
molecular magnet with S ¼ 1 with molecular orbital state
3
P−

g as depicted in Fig. 1(a). Upon cooling, it condenses into
a liquid and then three distinct solids, γ-O2, β-O2, and α-O2.
The variety of the solid phases is the manifestation of the
competing interactions in solid O2 such as van der Waals
interaction, the interaction between the electric quadrupole
moments (these two factors breed the exotic phase diagram
of solid N2 [6]), and the antiferromagnetic exchange
interactions between the molecular spins, as schematically
shown in Fig. 1(b). The competing nature in solid O2 is
even more evident in extreme conditions [5]. Under high
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pressure, threemore phases showup,where themetallic phase
emerges beyond 100 GPa, which becomes superconducting
below 0.6 K [7]. Above an ultrahigh magnetic field of 120 T,
the ferromagnetic solid O2, θ-O2, was discovered a decade
ago, as shown in Figs. 1(c) and 1(j) [8–12].
We work on β-O2, which exhibits softness and fluctua-

tions in lattice and magnetism. The crystal structure of
β-O2 is represented by the triangular lattice in the a-b plane,
which is stacked in the c axis. The molecular axis aligns
perpendicular to the a-b plane to enhance the exchange
interaction between molecular spins by maximizing the
overlap of the π orbitals, as schematically shown in Fig. 1(d).
The spin interaction in β-O2 is represented by the
Heisenberg model with S ¼ 1 on the triangular lattice,
which faces the geometrical frustration, resulting in the
suppression of the long-range order and realization of the
short-range antiferromagnetic order of 140° structure [13],
as shown in Fig. 1(e). Below 24K, the lattice exhibits a first-
order structural transition to α-O2 with monoclinic structure

as shown in Fig. 1(f), where the triangle lattice becomes
significantly deformed in the a-b plane. This relaxes the
geometrical frustration of the spin system, resulting in the
long-range Néel order as shown in Fig. 1(g). The deforma-
tion is evident in the lattice constant in Fig. 1(h), showing the
splitting of the length of the sides of the triangle by 7% upon
entering the α phase.Meanwhile, the magnetization shows a
sudden decrease upon entering the α phase from the β phase,
as shown in Fig. 1(i). Surprisingly, the lattice parameter
change of the a-b plane in β-O2 amounts to 2% in the limited
temperature range from 24 to 44 K. In contrast, comparably
small changes < 0.5% are observed in the c axis in β-O2 in
the same temperature range. This is due to the soft triangular
lattice, which is realized by the geometrical frustration of the
spin system on the triangular lattice unique to the a-b plane
of β-O2 with the strong spin-lattice coupling [15].
When ultrahigh magnetic fields beyond 100 Tare applied

to that spin-lattice coupled system,we expect drastic changes
in the crystal parameters. Indeed, the ferromagnetic θ-O2 is

FIG. 1. (a) The molecular orbital of O2 with S ¼ 1. (b) The competing interactions in solid O2. (c) A phase diagram of solid O2 on a
temperature-magnetic field plane reproduced from Ref. [10]. (d) The crystal structure of β-O2 whose space group is R3̄m. Layers of a
triangular lattice are stacked vertically in the ABC-ABCmanner. (e) The schematic of spin configuration on the triangular lattice of β-O2.
Because of an intense frustration from the lattice symmetry, the spin shows a short-range order with a 140° structure [13]. (f) The crystal
structure of α-O2 whose space group is C2=m. It is a deformed structure of β-O2. In the layer, the triangle lattice is deformed so that the
spin frustration is relaxed. (g) The schematics for the arrangement of the Néel order of spins on the deformed triangular lattice in α-O2,
which results in the nonequivalent exchange constant in a and b direction. (h) The temperature dependence of lattice parameters and
volume in solid O2. The data are extracted from Ref. [4]. (i) The temperature dependence of magnetization of solid O2. The data are
extracted from Ref. [14]. (j) The magnetization of solid O2 at 32 K up to 124 T. The data are adopted from Ref. [9]. Magnetic-field-
induced phase transition from β-O2 to θ-O2 occurs above 120 T. In the present Letter, we generated up to 110 T, where we obtained XRD
of the strained β-O2 by magnetostriction.
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discovered above 120 T as shown in Fig. 1(j) [8–12], where
the determination of crystal structure change has remained
elusive. For this purpose, we have realized a method for the
macroscopic measurement of ΔL=L beyond 100 T employ-
ing the fiber Bragg grating (FBG) method [16], which has
been applied to various systems [17–22] up to 600 T,
generated using the single-turn coil method and the electro-
magnetic flux compression method [23]. To gain further
insights into the spin-lattice coupling beyond 100 T, one
needs the microscopic probes, such as x-ray diffraction
(XRD), in addition to the FBG dilatometry. However,
x-ray diffractometry at 100 T is experimentally challenging
because experimentally obtaining100Tnecessitates destruc-
tive pulse magnets [24]. To overcome the difficulty, we
reported an XRD study with a generation of 77 T pulsed
magnetic field by implementing the first portable intense
kyokugenjiba, i.e., “extreme magnetic field” (PINK-01) in
combination with the single-shot powder diffraction of an
x-ray free-electron laser (XFEL) from a solid sample [25,26].
Although the microsecond pulse of 77 T generated using
destructive magnets was shown to be compatible with the

XFEL pulses, the field strength of PINK-01 is not sufficient
for the exploration beyond 100 T.
Here, we present the portable generation of 110 T using

the newly devised PINK-02, which goes with the single-shot
XRD for β-O2. The setup is depicted in Figs. 2(a) and 2(b).
PINK-02 employs two capacitors of 20.8 μF in total rated at
30 kV, equipped with discharge air-gap switches as sche-
matically depicted in Fig. 2(c), which weighs 1100 kg. The
capacitance and rated current of PINK-02 are twice those of
PINK-01. By injecting the current into the single-turn coil,
one can obtain the ultrahighmagnetic field, where the single-
turn coil explodes at each shot, as shown in Figs. 2(d)–2(f)
and the EndMatter. The average magnetic field obtained was
110� 5 T with the inner diameter of 4 mm, as schematically
shown in Fig. 2(h), where the maximum current and voltage
are about 700 kA and 30 kV, respectively, as shown in
Fig. 2(i). The pulse duration of the magnetic field was 3 μs,
whose maximum timing is well synchronized with the XFEL
pulse as shown in Fig. 2(g). The experiment was carried out
at beamline 3 (BL3) at SPring-8 Angstrom Compact free-
electron LAser facility (SACLA) [27]. XFEL pulses at

(a) (g)

(h)

(i)

(b)

(e) (f)

(c)

(d)

FIG. 2. (a) A schematic view of PINK-02 and the arrangement for the XRD in combination with the XFEL installed in SACLA. (b) A
magnification at the single-turn coil (STC) and x-ray beam incident on the sample, with diffracted beams propagating to the two-
dimensional (2D) x-ray detectors. (c) A schematic drawing of the electric circuit of PINK-02 and a single-turn coil. (d) A photo of a
single-turn coil of ϕ4 mm before the shot. (e) A photo of the single-turn coil during the magnetic field generation. (f) A photo of a
single-turn coil after the shot. (g) X-ray photodiode (PD) signal intensity as a function of time. (h) Representative waveforms of pulsed
magnetic field generated using PINK-02 with single-turn coils of ϕ4 and 5 mm diameter and charging voltages of 20 and 30 kV.
(i) Representative waveforms of the current injected into the single-turn coil. There are two switches connected in parallel.

PHYSICAL REVIEW LETTERS 135, 186702 (2025)

186702-3



10 keV with self-seeding [28] with a dispersion of 1–3 eV
with ∼360 μJ=pulse are delivered to the powder sample.
The results of the powder XRD of β-O2 obtained at 0 and

110 Tare displayed in the full image of the x-ray detector in
Figs. 3(a) and 3(b), respectively. They show three XRD
peaks from solid O2, 003, 101, 012, by which the solid
O2 is attributed to be in β-O2. By comparing the data in
Figs. 3(a) and 3(b), one can tell that the peak positions are
shifted in the data at 110 T. The shift is qualitatively shown
in the plots in Figs. 3(c)–3(f), where the signs of the shifts
are dependent on the diffraction indexes. In the present
experimental geometry, the observed lattice strain is trans-
verse primarily rather than longitudinal magnetostriction.
Although we obtained only two datasets in the present
Letter, the reliability of our measurement is ensured by
several other samples, including CuGaCr4S8 [29].
The anisotropic magnetostriction is evidenced by

observing the positive shift of the 003 diffraction angle

and the negative shift of the 101 and 012 diffraction angles,
respectively, at 110 T. In Fig. 3(d), the 003 diffraction peak
at 28 K is shown along with that at 35 K, where the
scattering angles 2θ show shifts from 18.99° to 19.11° and
from 18.965° to 19.19°, respectively. With the definition
Δdhkl=dhkl ≡

�
d110 T
hkl =d0 T

hkl

�
− 1 ¼ �

sin θ0 T
hkl= sin θ

110 T
hkl

�
− 1

[30], the values of Δd003=d003 ¼ −0.62% and −1.16%
are deduced, respectively, which readily correspond to the
shrinkage of the c axis (Δc=c < 0) as shown in Fig. 3(g).
These are twice the value of the thermally induced change
of the c axis in the β phase as shown in Fig. 1(i), which is
only 0.5%.
InFigs. 3(e) and 3(f), for the101 and012diffraction peaks,

2θ show shifts from 25.79° to 25.6° and from 28.12° to
27.91°, respectively. The deduced values are Δd101=d101 ¼
þ0.73% andΔd012=d012 ¼ þ0.737%, respectively.With the
pairs of the values Δdhkl=dhkl (hkl ¼ 003 and 101, or 003
and 012), one can deduce the values ofΔa=a ¼ 0.8 or 1.1%,

(a) (g)

(b)

(d) (e) (f)
(h) (i)

(c)

FIG. 3. (a) Powder XRD data from β-O2 recorded using 2D x-ray detectors at 0 T and (b) at 110 T. (c) Integrated powder XRD data
from β-O2 at 0 and 110 T. Inset: the schematic drawing of the experimental setup at the sample position. (d) The magnified powder XRD
data at the 003 reflection of β-O2 at 35 and 28 K, showing −0.62 and −1.16% shrinkage of the interplane separation at 110 T,
respectively. (e) The magnified data of powder XRD at the 101 reflection of β-O2 at 35 K, showingþ0.73% elongation of the interplane
separation at 110 T. (f) The magnified data of powder XRD at the 012 reflection of β-O2 at 35 K, showing þ0.737% elongation of the
interplane separation at 110 T. (g) The schematic drawing of the crystal structure of β-O2 with the indication of the shrinkage in the c
axis and elongation in the a-b plane. The diffraction planes are also depicted. (h) The schematic drawing of the crystal structure and spin
configuration in β-O2 at 0 T, where the O2 molecules form the triangular lattice with the short-range order due to the antiferromagnetic
coupling and geometrical frustration. (i) The schematic drawing of the crystal structure and spin configuration in β-O2 at 110 T, where
the spins are more aligned to the external magnetic field, losing the antiferromagnetic short-range order. This results in the expansion of
the lattice parameter in the a-b plane to relax the antiferromagnetic exchange coupling between spins.
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respectively. The reason for the discrepancy in the values is
unclear. With an averaged value Δa=a ¼ 0.95% and
Δc=c ¼ −0.62% at 110 T and 35 K, one can deduce the
following the values: the volume expansion ΔV=V ≡
Δc=cþ Δa=a × 2 ¼ 1.28% and the distortion value
ΔD=D≡ Δc=c − Δa=a ¼ −1.57%. Note that ΔD=D ¼ 0
if the lattice change is isotropic (i.e., Δa=a ¼ Δc=c). The
anisotropic and significant magnetostriction is indicated by
the obtained values of Δa=a ¼ 0.95%, Δc=c ¼ −0.62%,
ΔV=V ¼ 1.28%, and ΔD=D ¼ −1.57% in the β phase of
solidO2 at 110 Tand 35K.An evenmore significant value of
Δc=c ¼ −1.16% at 110 T and 28 K is noteworthy.
We discuss the origin of the observed anisotropic

magnetostriction. β-O2 is regarded as a two-dimensional
spin system, where the exchange interaction is strong
within the a-b plane and subtle between the planes [4].
To discuss this in detail, we consider a two-dimensional
Heisenberg model with exchange striction, as follows [31],
H ¼ P

hi;ji J1ðRi;jÞŜi · Ŝj þ kϵ2=2 − gμB
P

i Ŝi ·B, where

J1ðRi;jÞ, hi; ji, Ŝi, k, ϵ, g, μB, and B are exchange constant
dependent on intermolecular arrangement Ri;j, pairs of the
nearest-neighbor sites, spin operator, the elastic constant,
and the lattice strain, g factor, Bohr magneton, magnetic
field. The first, second, and third terms of the Hamiltonian
describe the antiferromagnetic exchange coupling between
spins on the nearest neighboring sites of the triangle
lattice, the elastic energy of the lattice in the a-b plane,
and the Zeeman energy for individual spins, respectively.
For simplicity, we consider that J1ðRi;jÞ depends
on ϵ. We obtain J1ðϵÞ ¼ J0 − jϵ, where J0 and j are the
exchange constant without strain and the coefficient for
the strain-dependent change of the exchange constant.
The Hamiltonian explains the lattice expansion in the
a-b plane. First, the magnetization gradually increases
up to 0.9 μB=O2 [9] at 110 T, where the Heisenberg term
of the Hamiltonian increases the total energy. The system
attempts to compensate for the increased energy by
minimizing the exchange constant J1ðϵÞ, which is achieved
by increasing the intermolecular distance in the a-b plane
with a decrease of the energy of jϵhŜi · Ŝji. ϵ increases until
the Heisenberg energy is equilibrated with the rise of the
elastic energy kϵ2=2.
To gain qualitative insights into the balance of the elastic

energy and the exchange energy, we refer to the spin-
dependent intermolecular potential calculated for the dimer
ðO2Þ2 in the parallel (H) geometry [32] and the spin-spin
exchange constant J1 estimated in a high-pressure experi-
ment [33], which shows a qualitative agreement with our
discussion. Figures 4(a) and 4(b) show the intermolecular
potential as a function of the intermolecular distance Rwith
a variation of SðO2Þ2 ¼ 0, 1, and 2 [32], which is fitted to the
Morse potential [34]. As shown in Fig. 4(b), with increas-
ing R by 1% from the equilibrium position, the increase of
the elastic energy (kϵ2=2) is ∼1 K=bond, which amounts to

þ3 K=O2. Further, the dependence of J1 on the intermo-
lecular distance of O2 is estimated in a high-pressure study of
solid O2 [33], as shown in Figs. 4(c) and 4(d).With increasing
R by 1%, the decrease of J1 (¼ jϵ) is∼ − 6 K=bond.With the
magnetization value at 110 T of gμBhSzi ¼ 0.9 μB [9] and
assuming jϵhŜi · Ŝji ≃ jϵhŜzi ihŜzji, the reduction of the
exchange energy amounts to ∼ − 3.6 K=O2. One finds that
it is a comparable value for the aforementioned increase of the
elastic energy.
The qualitative argument above with the dimer ðO2Þ2 is

further strengthened by our first-principles calculation of
the exchange constants in the solid β phase with the
structure of 0 T and the deformed unit cell at 110 T
obtained in the present Letter. Here, we denote the nearest-
neighbor exchange interaction in the a-b plane direction
and in the interlayer (c) direction as J1 and J2, respectively.
The calculation employs the van der Waals (vdW) density
functional theory and the tight-binding model calculation.
The calculated result of J1ð0 TÞ and J1ð110 TÞ are 47.35
and 41.8 K=bond, where ΔJ1 ¼ −5.55 K is an 11.8%
reduction of the antiferromagnetic interaction, being in
good agreement with the reported results on the dimer
ðO2Þ2 as shown in Fig. 4(d) and the exchange striction
mechanism driving the expansion in the a-b plane. The
calculated result of J2ð0 TÞ and J2ð110 TÞ are 6.5 and
7.4 K=bond, where ΔJ2 ¼ þ0.9 K is an 14.3% increase of
the antiferromagnetic interaction. ΔJ2 is less significant
than ΔJ1 and the sign counters to the observed lattice
change. This indicates that the shrinkage in the c axis at

(a)

(b)

(c)

(d)

1 %

1 %

1 K

6 K

R

(O2)2

J1

H geometry

FIG. 4. (a) Intermolecular potential of the dimer ðO2Þ2 calcu-
lated as a function of the intermolecular distance R in H geo-
metry with a variation of the total spin SðO2Þ2 ¼ 0, 1, and 2 [32].
(b) A magnification of (a). (c) Exchange constant J1 of between
molecular spins as a function of R deduced from the high-
pressure experiment [33]. (d) A magnification of (c).
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110 T is not driven by the exchange striction mechanism
with ΔJ2, which accords with the previous notion that the
interlayer coupling of spins is negligible due to the small
hybridization of the π orbitals [35]. Another possible
mechanism for the shrinkage in the c axis is the con-
servation effect of the lattice volume expansion with the
expanding a-b plane, which is not conclusive.
In conclusion, we obtained powder XRD data of β-O2 at

110 T by establishing the novel portable 100 T technique
PINK-02 compatible with XFEL. An anisotropic lattice
deformation of up to 1% was observed, which arises from
the two dimensionality of the spin system and the com-
petition between exchange and van der Waals interactions.
Our method opens the way to exploring spin-lattice
coupling phenomena above 100 T. The clarification of
the crystal structure of θ-O2 is, without a doubt, the most
crucial goal of our Letter to follow.
The obtained image [Figs. 3(a)–3(f)] is analyzed using a

Python package pyFAI [36]. The crystal structures are
rendered using the 3D visualization tool VESTA [37].
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End Matter

Microcryostat—The all-plastic He-flow microcryostat
is newly devised for cooling the sample at the coil
center down to 10 K, allowing the incident x-ray beam
of ϕ ∼ 0.3 mm to hit the sample, whose overview and
photo are shown in Figs. 5(a) and 5(b). As shown in
the detailed view in Fig. 5(c), the diffracted beam exits
from the cryostat, allowing a wide range of scattering
angle 2θ from 0° to 45°. The outer diameter of the micro-
cryostat is ϕ2.6 mm, which is in the vacuum tube of
ϕ3.6 mm at the center of the single-turn coil whose
inner diameter is ϕ4 mm, as schematically depicted in
Fig. 5(c). The microcryostat is made of fiber-reinforced
plastic and the glue SK-229 (Nitto). The vacuum tube
and the microcryostat are held by the 3D printed vacuum
chamber made of polylactic acid filament plastic, whose
inner surface is coated with the glue SK-229.

Preparation of solid O2—The film of solid O2 is
condensed at the center of the single-turn coil. As
shown in the inset of Fig. 3(c), our microcryostat is
further modified for the O2 sample, where the O2 gas
inlet is directly connected to the cold head of the

cryostat. The vacuum tube is also elongated to the beam
downstream, with a hole covered with Kapton film
(t ¼ 50 μm) so that the diffracted x-ray comes out. First,
we keep the O2 gas inlet in a vacuum while we cool the
microcryostat. Next, we introduce a limited amount of
O2 gas, which is condensed onto the cold surface of the
microcryostat, and then we evacuate the O2 gas inlet to
the vacuum again. We can observe the XRD from the
film sample of solid O2. We estimate the sample
temperature from the XRD to be 28 or 35 K. We could
not obtain a lower temperature than those, although
10 K is achieved with preprepared solid-state samples. It
may be because the additionally installed O2 gas line
works as an additional heat source.

X-ray detectors—The diffracted beam is detected
using two kinds of 2D x-ray detectors. One is a pair of
flat panel detectors (FPD) with a distance of 1.0 m from
the sample. The other is the multiport charge-coupled
device (MPCCD) [39] with a distance of 1.5 m. Single-
shot data are recorded at 10 Hz. Three x-ray images are
recorded sequentially at t ¼ −0.1, 0, and 0.1 ms, where
t ¼ 0 ms is at the maximum magnetic field. The data of
the MPCCD are not presented in the present Letter.

Estimation of exchange interaction using calculations—
The first-principles calculation of the exchange constants
between the molecular spins of O2 in solid O2 was
performed using the Vienna ab initio simulation package
(VASP) [40] in combination with Wannier90 [41] and TB2J

[42] packages. First, VASP is used to obtain the electronic
structure of β phase oxygen using the vdW-DF-optB86b
functional [43] in combination with a Hubbard-U
correction [44] of Ueff ¼ 12 eV, which resulted in a good
description of the α phase of solid oxygen in a previous
work [45]. The lattice constants were fixed to those
determined experimentally in this Letter, the O─O bond
length was fixed to 1.207 Å, and the spin configuration
was fixed to the ferromagnetic one. The unit cell in
the monoclinic setting was employed with a 5 × 6 × 5
k-point mesh and a plane wave cutoff energy of 1500 eV.
Wannier90 was used to obtain Wannier functions and
build a tight-binding model with initial projections on the
px and py orbitals of O atoms for π and π� bands and s
orbitals placed at O─O bond centers for the σ bonding
band. Only the π and π� bands contribute to the spin
interactions. The resulting tight-binding model was
fed into the TB2J code, which uses the Liechtenstein
formalism to calculate Heisenberg exchange constants.

Qualitative comparison of the lattice change with a
previous XRD report—The significance of the lattice
change is consistent with previous XRD studies on the α
phase of solid O2 at 5 T [46] and 28 T [47]. First, a
large ΔV=V ¼ 1% is reported at 5 T at 7 K [46], later

FIG. 5. (a) A schematic of the microcryostat, 3D printed
vacuum chamber, and the single-turn coil setup. (b) A photo
of the microcryostat, the single-turn coil, and the 3D printed
vacuum chamber. (c) Detailed cross-sectional view of the micro-
cryostat, 3D printed vacuum chamber, and the single-turn coil.
Fiber-reinforced plastic, FRP.
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confirmed as an extrinsic effect by Ref. [47].
Reference [47] further put a constraint that Δd=d <
1 × 10−4 at 5 T and Δd=d < 2 × 10−3 at 25 T. If we
assume the quadratic dependence Δd=d ≃ pB2 with
typical values of Δd=d ¼ 1% and B ¼ 100 T, we obtain
Δd=d ≃ 2.5 × 10−5 at 5 T, 6.3 × 10−4 at 25 T by an
interpolation, which are consistent with the previous
XRD study up to 28 T [47], and the present result.

Cooperative softness of the lattice and spin system in
β-O2—We note that the considerable fluctuation of both
the spins on the triangular lattice and the arrangement of
the molecular axes of β-O2 may assist the observed
significant magnetostriction. The frustrated molecular
axis is inferred by the fact that no phase in solid N2

shows a similar collinear configuration of the molecular
axes [6] and also by the thermally induced inverse
broadening effect of the XRD peak in β-O2 [15]. The
significant temperature-induced change of the lattice
within the β phase of O2 [Fig. 1(h)] is unique in
contrast to the less significant lattice change in α-O2,
where both the spin and lattice are more rigid with the
Néel order.

Analysis of the XRD peak profile—The XRD peak
widths exhibit a clear dependence on 2θ, and all peaks
are broader at 110 T, as shown in Figs. 3(d)–3(f) (see
Ref. [48]). Possible origins are a microstrain effect due
to anisotropic magnetostriction in random powder,
crystal size effect [49,50], and the precursor of the phase
transition to θ-O2 [8] above 120 T; however, they need
further evaluation.

Comparison with other giant magnetostriction systems—
The present lattice change occurs in the unit cell without
a phase transition, which is considered the greatest ever
reported to our best knowledge. Larger magnetostrictions
are observed in Heusler alloy [51] and manganite
systems [52], where the domain’s reorientation and the
phase transition are the sources of the significant lattice
change.

Video of destructive generation of 110 T using a
portable 100 T generator PINK-02—See the video of
PINK-02 generating 110 T at BL3 in SACLA 13 times
successfully in a row (37 sec) in Supplemental Material
[48]. The same video is also uploaded to YouTube [53].
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