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We study the effects of both hydrostatic and anisotropic contractions on the molecular condensa-
tion of oxygen molecules (O2) physisorbed to nanosized pores, termed “O2 nanorods”, through the
magnetization measurements. Multisteps of O2 solidification accompany the reduction in structural
symmetry with decreasing temperature, such that the structural change by external stress varies the
stability of O2 solidification. For initial pore diameters of D = 8.5, 14.5, and 24.0 nm, anisotropic
compression for nanorods (preferential compression along radial direction of the pores) occurred,
and molecule solidification is suppressed at the lower temperature side compared with that under
hydrostatic compression. For the smallest D = 6.5 nm, a hydrostatic contraction almost occurred,
and the high adsorption capability enabled the detection of both the melting transition and change
in crystal structure within the β phase, in addition to α–β and β–γ transitions.

PACS numbers:

I. INTRODUCTION

Oxygen molecules O2, which comprise two oxygen
atoms, exhibit magnetic properties characteristic of spin
quantum number S = 1 [1]. When S = 1 spins are ar-
ranged on a low-dimensional lattice, rich magnetic prop-
erties appear in addition to molecular condensation as
gas → liquid → solid. Additionally, quantum spin sys-
tems related with the Haldane problem are garnering in-
terest [2]. Hence, O2 is promising as a magnetic mate-
rial, and its scientific history is as follows: According to
the review by Freimana and Jodl [1], the paramagnetic
property in gas and liquid states was first discovered by
Faraday [3] in 1848 and Dewar [4] in 1891, respectively.
Magnetic susceptibility measurements for condensed O2

were initiated by Onnes and Perrier in 1910 [5]. More sys-
tematic studies were performed in the 1950’s by Borovik–
Romanov [6] and Kanda et al. [7]. In the 1980’s, magnetic
susceptibility for solid states were successfully measured
by DeFotis in 1981 [8] and Meier et al. in 1982 [9]. In
1985, a magnetic measurement at a high magnetic field
was performed by Uyeda et al. [10].

From high−temperature side, three solid phases exist:
γ, β, and α phases [1, 11]. First, the cubic γ phase for
43.8–54.4 K contains two sphere molecules at 2a sites
and six disc ones at 6d sites forming chains extending in
three [100] directions [1]. The magnetic property of the γ
phase is composed of a one-dimensional correlation and
paramagnetic spins [8]. Next, the rhombohedral β phase
for 23.9–43.8 K is of a two-dimensional short range or-
der and, for 26–42 K, the tilt angle of precession motion
changes [12]. Finally, the monoclinic α phase below 23.9
K has an antiferromagnetic ordering, and its lattice struc-
ture is represented by a tilted rhombohedral lattice. The
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β–γ transition exhibits the largest anomaly in magnetic
susceptibility among the α–β, β–γ, and γ–liquid transi-
tions. The magnitude of the discrete change in magnetic
susceptibility for phase transition between solid phases is
related to the change in the molar volume V ; Vβ−γ = 0.9
cm3/mol, Vα−β = 0.1 cm3/mol (for reference, Vγ−liquid =
0.8 cm3/mol) [13]. Recently, a change in crystal structure
at high magnetic fields has been reported [14], suggesting
a prominent magneto-structural correlation.

Since the 1980’s, physical measurements at high pres-
sures have been an important aspect in O2 molecule con-
densation research [1, 11]. In fact, spectroscopy and X-
ray diffraction experiments have been performed exten-
sively in the aforementioned research [1]. In 1982, Meier
observed magnetic susceptibility under a high pressure
up to 0.8 GPa [9]. In 2014, we performed investiga-
tions based on an enlarged pressure region, i.e., up to
3.3 GPa [15]. Because it was difficult to detect minute
magnetic signals, the pressure range of magnetic suscep-
tibility measurements has been restricted to a much lower
pressure side compared with other physical measure-
ments, such as in optical studies (132 GPa [16]), infrared
spectroscopy (92 GPa [17]), Raman spectroscopy (120
GPa [18], 134 GPa [19]), X-ray diffraction (116 GPa [20],
115 GPa [18], 133 GPa [21]), electrical conductivity (125
GPa [22]), and neutron diffraction (10 GPa [23]).

Magnetic susceptibility measurements has provided
only physical information restricted to β–γ and α–β tran-
sitions thus far [9, 15]. The γ phase is translation-
ally ordered, whereas the precession motion of disc-like
molecules and the rotational motion of orientationally
disordered molecules occurred. Hence, in the process of
α → β → γ → liquid phases, the β–γ transition can be
considered as an intermediate step to a complete dis-
ordering. Under a high pressure, the stability of the
aforementioned rotations at the γ phase might be sup-
pressed. Herein, we list up a few interests related to the
present study: (1) The phase boundary between γ and
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liquid phases at high pressures have not been determined
through magnetic measurements. (2) The temperature
dependence of the precession angle in the β phase at the
ambient and hydrostatic pressures has not been investi-
gated in magnetic susceptibility measurements. (3) In
addition, anisotropic contraction effects on a condensed
O2 system have not been investigated thus far.
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FIG. 1: (Color online) (a) Overview of O2 physisorption into
a pore of SBA-15 with pore size D = 8.5 nm. (b) Comparison
of pore size for D = 6.5–24.0 nm.

To investigate the anisotropic contraction effects on
condensed O2, we used a physisorption media. O2 gas
can be physisorbed on graphite [24, 25] and boron ni-
tride substrates [26] as well as into porous materials,
such as organic-metal composite materials (pore size of
0.5–0.7 nm) [27–30], and nanoporous silica (pore size of
4 nm) [31]. Ordinal structural phase transformation of
solid (α → β → γ) → liquid → gas from the low tem-
perature side also occurred in nanosized porous spaces
of sufficient cross-section and volume. When the nano-
sized rod above was used, the hydrostatic compression
for the composite of O2 and porous material resulted
in an anisotropic contraction for condensed O2 with the
rod structure; consequently, this compression affected the
condensation state of O2.

In this study, we conducted a hydrostatic pressure ex-
periment for O2 physisorbed into nanosized pores with D
= 6.5–24.0 nm, in which O2 nanorods were constructed.
In fact, the pressure effects on D = 6.5 nm were consis-
tent with that on the bulk system; hence, we were able
to determine several phase boundaries with the best ac-
curacy compared with other related studies owing to the
high adsorption capability of a nanoporous silica SBA-15.
With increasing D, the phase diagram deviated from that
of the bulk system; meanwhile, for D = 24.0 nm, phase
diagram approached that of the bulk system. Hence, we
discovered the effect of compression style on O2 conden-
sation.

II. METHODS

Mesoporous silica, termed SBA-15, was prepared ac-
cording to the literature [32–34]. The diameter of the
pore (D) was evaluated by X-ray diffraction, and four
types of SBA-15 with D = 6.5, 8.5, 14.5, and 24.0 nm,
whose error was ±0.2 nm, were prepared. The van der
Waals diameter of O2 based on the Renard-Jhonse poten-
tial is 4 Å. The aforementioned SBA-15 of D = 6.5, 8.5,
14.5, and 24.0 nm permits the O2 condensation per cross
section of approximately 200 (8 layers), 350 (10 layers),
1000 (18 layers), and 2800 (29 layers), respectively.

Compression corresponding to a stress of up to 3.3
GPa at room temperature was achieved using a minia-
ture CuBe diamond anvil cell (DAC) that comprised two
diamond anvils with flat tips having a diameter of 1.0
mm and a 0.25-mm-thick CuBe gasket [35, 36]. The
sample cavity with the 0.6mm diameter was prepared
by creating a hole in the CuBe gasket using electrical
discharge machining. The powder of SBA-15 and small
pieces of ruby as a manometer were installed into the
sample chamber with the help of a fluorine oil (FC77),
which was volatilized after its installation. After remov-
ing air in SBA-15, liquid O2 was injected into SBA-15 set
in the miniature DAC according to the method described
in Ref. [15].

The DC magnetization (M) of condensed O2 at Giga-
pascal pressures was measured using a superconducting
quantum interference device magnetometer [15, 37–40].
The temperature T dependence of M was measured at
the DC magnetic field H = 5 kOe after rapid cooling from
room-temperature to 5 K. The pressure value at room
temperature (Prt) was evaluated by measuring the fluo-
rescence of ruby [41] located in the sample cavity. The
value of Prt was adopted as the pressure value (P ) for
each measurement. According to similar experiments for
condensed O2 using the same miniature DAC, for Prt ≥
1.4 GPa, it was confirmed that pressure barely depended
on temperature in an experiment without SBA-15 [for Prt

= 1.1 GPa, the pressure value at 50 K reduced to approx-
imately one half of Prt] [15]. From comparing the phase
diagrams for four Ds, we decided to adopt the present
results for P ≥ 1.4 GPa.

III. EXPERIMENTAL RESULTS AND
DISCUSSION

A. D = 6.5 nm

Figure 2 shows the T dependence of M for O2 ph-
ysisorbed into the pores of SBA-15 with D = 6.5 nm.
First, for the result based on P = 1.8 GPa, five char-
acteristic anomalies due to the α–β transition, two well-
unknown anomalies in the β phase, a β–γ transition, and
a γ-liquid transition were observed. The anomaly due to
the β–γ transition was the largest among the five anoma-
lies, consistent with the results in the literature [9, 15].
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One of two well-unknown anomalies in the β phase was
observed in previous experiments [15, 31], whereas the
detection of both is rare. The corresponding anomalies
associated with the change in the precession angle [12]
had been confirmed in the temperature dependence of
the vibron bandwidth of Raman scattering [42]; further-
more, they have not been detected in the magnetic sus-
ceptibility thus far. The success in detecting these mag-
netic anomalies is attributed to the high adsorption from
using porous materials. For 1.8 ≤ P ≤ 3.3 GPa, all the
anomalies can be defined, as plotted in the phase diagram
of Fig. 3 together with results from a previous experi-
ment without using SBA-15 [15]. Both the α–β and β–γ
transitions were consistent with the results of a previous
experiment [15]. For D = 6.5 nm, hydrostatic contrac-
tion occurred, and we assumed that the blockade of pore
edges would occur under a compressed environment. Fur-
thermore, the high physisorption of SBA-15 enabled the
detection of the γ-liquid transition, which could not be
detected in previous studies [9, 15]. The present pressure
response is intrinsically consistent with that based on
previous Raman experiments [1, 43–45]. Thus, the nov-
elty of this study is the detection of two well-unknown
anomalies in the β phase and that of the γ-liquid transi-
tion in magnetic susceptibility measurements.
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FIG. 2: (Color online) Temperature T dependence of magneti-
zation M for oxygen molecules physisorbed into SBA-15 with
D = 6.5 nm under compression. The characteristic temper-
atures for the α–β transition, two well-unknown anomalies,
β–γ transition, and γ-liquid (γ-L) transition are represented
in red, light blue, purple, blue, and green arrows, respectively.
The anomaly around 230 K barely depended on the pressure,
which was assumed to be due to the O2 adsorption on the
surface of SBA-15.

In the rhombohedral β phase at ambient pressure for
23.9–43.8 K, the change in tilt angle of the precession mo-
tion occurs for 26–42 K [12]. The corresponding anoma-
lies have been confirmed in the temperature dependence
of the vibron bandwidth of Raman scattering [42]. The β
phase is magnetically characterized as a two-dimensional
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FIG. 3: (Color online) Phase diagram for O2 physisorbed
into SBA-15 with D = 6.5 nm, compared with results of
previous studies for O2 without using nanopores [15]. The
present study enabled the phase boundary between the liquid
and γ phases to be determined through the magnetization for
the first time. The phase boundaries are illustrated with the
present data in addition to the results of the Raman exper-
iments (open light-blue triangle [44], closed light-blue trian-
gle [45]); the β phase is categorized into three regions: β1,
β2, and β3. According to a previous study involving Raman
scattering experiments at ambient pressure , three regions in
the β phase were related with the change in the vibron band-
width [1, 42].

short-range order phase. The physisorption into the
pores of SBA-15 enabled the change in the tilt angle of
the precession motion to appear as a change in the mag-
netization. Consequently, we can classify the β phase
into three regions: β2 with a prominent change in the
tilt angle of the precession motion; and β1 and β3 with-
out that over the pressure range up to 3.3 GPa.

B. D = 8.5 – 24.0 nm

Figures 4, 5, and 6 show the T dependence of M for
O2 physisorbed into the SBA-15 with D = 8.5, 14.5, and
24.0 nm, respectively. For D = 8.5 nm, both the β–γ and
γ-liquid transition can be traced over all data for 0.7–3.3
GPa, whereas the α–β transition and one anomaly in the
β phase were observed for P ≥ 1.8 GPa. For D = 14.5
nm, both α–β and β–γ transitions can be traced through-
out the data for 0.7–3.2 GPa, and the γ-liquid transition
was observed for P ≥ 1.7 GPa. For D = 24.0 nm, both
the β–γ and γ-liquid transitions can be traced through-
out the data for 1.6–3.3GPa, whereas the α–β transition
was observed for P ≥ 2.2 GPa. In all data for D = 24.0
nm, the β–γ and γ-liquid transitions for noncompressed
oxygen molecules in a few rarely physisorbed pores were
observed at approximately 50 K. We supposed that with
increasing D, the deviation between the fully physisorbed
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FIG. 4: (Color online) T dependence of M for oxygen
molecules physisorbed into SBA-15 withD = 8.5 nm. Charac-
teristic temperatures for the α–β transition, one of two well-
unknown anomalies in the β phase, β–γ transition, and γ-
liquid transition are represented in red, light blue, blue, and
green arrows, respectively.
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FIG. 5: (Color online) T dependence of M for oxygen
molecules physisorbed into SBA-15 with D = 14.5 nm. Char-
acteristic temperatures for the α–β, β–γ, and γ-liquid transi-
tions are represented in red, blue, and green arrows, respec-
tively.

and rarely physisorbed states appeared to be prominent.
Figure 7(a) shows the phase diagram of molecule con-

densation for O2 physisorbed into the SBA-15 with D =
8.5, 14.5, and 24.0 nm as a function of P and T . Data
for D = 6.5 nm were included as well. Among a series
of transitions, the anomaly due to the β–γ transition ex-
hibited the most significant change in magnetization. At
approximately around 2 GPa, all of the four experiments
indicated almost the same β–γ transition temperature. It
is noteworthy that the change in pressure as a function of
T above 2 GPa need not be considered. Figure 7(b) shows
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FIG. 6: (Color online) T dependence of M for oxygen
molecules physisorbed into SBA-15 with D = 24.0 nm. Char-
acteristic temperatures for α–β, β–γ, and γ-liquid transitions
are represented in red, blue, and green arrows, respectively. In
all data, anomalies appeared at approximately 50 K (shown
as broken rectangles), which were likely due to β–γ and γ-
liquid transitions for noncompressed oxygen molecules in a
few rarely physisorbed pores.
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FIG. 7: (Color online) (a) Phase diagram of condensation
state of O2 rods with D = 8.5, 14.0, and 24.0 nm. For ref-
erence, the phase diagram for D = 6.5 nm is shown. To
identify any meaningful compression effects, the present re-
sults for P ≥ 1.4 GPa (hatched region with dark yellow) were
evaluated as the P value depended significantly on T for low
Prt. The phase boundaries for D = 6.5 and 24.0 nm are close
to those for bulk system (see Fig. 3). The O2 rods with D =
8.5 nm and 14.5 nm exhibit unique phase boundaries. (b) D
dependence of phase boundaries in the O2 condensation at P
= 3.3 GPa.

the D dependence of phase boundaries in the O2 conden-
sation at P = 3.3 GPa. There is any D dependence in the
molecule condensation phenomenon under compression.
Below, by observing the change in the phase boundary
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between the β and γ phases for P > 2 GPa, we predict
the variation in the phase diagram as a function of D.

[1] When D = 6.5 → 8.5 nm, the phase boundary be-
tween the β and γ phases (termed β–γ boundary) shifted
toward the low-temperature side. The β–γ transition
temperature at D = 6.5 nm increased with pressure,
whereas at D = 8.5 nm, the β–γ boundary did not vary
with pressure. For reference, in the study of compression
effects on LaMnO3 (D = 10 nm) [33] and NiO (D > 8.6
nm) nanocrystals [34] synthesized in nanoporous SBA-
15, their nanocrystals were strained even at small pres-
sures below 1 GPa. Furthermore, the contraction was
anisotropic owing to the one-dimensional cavity. Now,
in O2 physisorbed into the SBA-15 with D = 6.5 nm,
we have no structural information on the contraction
of SBA-15 itself, whereas on the basis of the magnetic
information, we could help recognizing that the hydro-
static contraction for the O2 nanorod was realized there.
Considering the information obtained for the LaMnO3

and NiO nanocrystals, we assumed that the compression
manner changed from that in Fig. 8(a) to that shown
in Fig. 8(b) when D was increased from 6.5 to 8.5 nm.
Under the anisotropic compression at D = 8.5 nm, the
stabilization of solidification by compression would be re-
stricted.

[2] When D = 8.5 → 14.5 nm, the aforementioned
change occurred more easily, and the β–γ boundary
shifted slightly toward the lower temperature side. The
frozen β–γ boundary for P > 2 GPa was strengthened at
D = 14.5 nm.

[3] When D = 14.5 → 24.0 nm, the β–γ boundary
shifted toward the higher temperature side. At D = 24.0
nm, the β–γ transition temperature increased with pres-
sure, whereas it did not reach the β–γ boundary at D
= 6.5 nm. The α–β boundary at D = 24.0 nm was al-
most consistent with that at D = 6.5 nm. They sug-
gest that the compression manner may change toward
the hydrostatic-like type.

The solid phase of O2 at the lower temperature side
has lower structural symmetry. A series of present ex-
perimental results revealed that the change in magnetic
property was related to the change in the crystal struc-
ture. The indirect compression of O2 condensed via the
compression of molecular physisorption media with D
around 10 nm promoted an anisotropic shrinkage of O2

networks. The pressure dependence of the β–γ boundary
that appeared at D = 8.5 and 14.5 nm for P > 2 GPa
revealed that anisotropic shrinkage did not thermally en-
courage the solid phase under a compressed environment.

(a) for D = 6.5 nm (b) for D ≥ 8.5 nm

FIG. 8: (Color online) Change in frame of O2 condensation
in SBA-15 for (a) D = 6.5 nm and (b) D ≥ 8.5 nm. Here,
D is the diameter of the nanopores in SBA-15. The num-
ber of O2 was reduced for simplicity. For a small D such
as (a), quasi-hydrostatic compression was realized because of
the blockade of pore edges. When the porous blockade at the
edges was insufficient, the nanorod elongated along the long
axis and shortened along the radial direction, as shown in
(b). LaMnO3 (D = 10 nm) and NiO (D ≥ 8.6 nm) nanocrys-
tals synthesized in the nanopores of SBA-15 were assumed to
exhibit the compression style shown in (b) [33, 34].

IV. CONCLUSION

We conducted two types of compression experiments
for a condensed O2 network physisorbed into the nano-
sized pores of SBA-15 with D = 6.5. 8.5, 14.0, and 24.0
nm. For D = 6.5 nm, hydrostatic contraction was facili-
tated by the help of high physisorption capacity. Fur-
thermore, we experimentally elucidated the rich mag-
netic properties of condensed O2. Utilizing prominent ad-
sorption nature in nanometer porous medium, the phase
boundary between γ-liquid phases was determined on the
basis of magnetization data. The change in precession
angle in the β phase was investigated at high pressure
up to 3.3 GPa, in which the β phase was categorized into
three regions. The anisotropic compression effects on the
condensed O2 system were investigated for D = 8.5, 14.0,
and 24.0 nm. It was discovered that their phase diagrams
differed from those under hydrostatic compression. The
condensed state of O2 molecules, which is a gas at room
temperature and ambient pressure, is variable by the di-
rectivity of the change in the molecular network as well
as the stress magnitude.

V. DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are
available within the article.
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