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High magnetic field x-ray diffraction study of the « phase of solid oxygen:
Absence of giant magnetostriction
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High magnetic field x-ray diffraction experiments of solid oxygen have been performed at 10 K using DC
magnetic fields of up to 5 T as well as pulsed magnetic fields of up to 25 T. The o phase of oxygen exhibits
no magnetostriction greater than Ad/d = 107* at 5 T, where d and Ad denote a lattice plane spacing and its
magnetic field variation, respectively. The Ad /d at higher fields of up to 25 T is found to be smaller than 2x 1073,
These results contradict the previously reported giant magnetostriction in the o phase where the volume
magnetostriction AV/V reaches 1072 at 7.5 T [K. Katsumata et al., J. Phys.: Condens. Matter 17, L235 (2005)].
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I. INTRODUCTION

Solid oxygen is a unique magnetic material in terms of
competition between the van der Waals cohesive energy and
the magnetic intermolecular potential. The spin degree of free-
dom strongly couples to the lattice degree of freedom because
the exchange interaction between spins of molecules depends
on the steric configuration of molecules [1]. As results of the
strong spin-lattice coupling, several structural phase transi-
tions occur by changing an external environmental parameter
such as temperature, pressure, and magnetic field [2,3]. For
instance, with decreasing temperature, the liquid-y, -8, and
B-a transitions occur at 54.4, 43.8, and 23.9 K, respectively,
developing the antiferromagnetic correlation between S = 1
spins of molecules (S is the quantum spin number). The
high magnetic field 6 phase has recently been discovered in
100 T field range [4—6] and the novel crystal structure appears
due to rearrangement of the molecular configuration as clear
experimental evidence of the strong spin-lattice coupling.
Although one of the promising crystal structures is cubic
(Pa3) [7], the actual crystal structure of the 6 phase has not
been experimentally confirmed yet because of the required
ultrahigh magnetic field.

The direct observation of magnetic field effect on the crys-
tal lattice of solid oxygen was investigated using x-ray diffrac-
tion (XRD) [8], and the magnetovolume striction AV/V was
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reported to be as large as 1% at 7.5 T in the o phase. The
changes in the a and b lattice constants at 7.5 T are Aa/a ~
5.2 x 1073 and Ab/b ~ 7.6 x 1073, respectively, and their
field dependences seem to be linear shape. The change in the
c axis and that in the angle between the a and ¢ axes were
reported to be rather small compared to those along the a and
b axes. The observed striction, which is much larger than that
in ferromagnetic metals such as Fe (AV/V ~ 0.004% at 8 T),
was termed as giant magnetovolume effect [8].

In the present study, we have performed XRD experiments
in high magnetic fields using a DC magnet up to 5 T as
well as a pulsed magnet up to 25 T, aiming to investigate
the giant magnetostriction of the o phase of solid oxygen. In
Sec. II, the details of the experimental setups are explained.
The experimental results are shown in Sec. III. Our results did
not reproduce the previously reported giant magnetovolume
effect. The obtained results are discussed in terms of technical
as well as physical points of view in Sec. IV. The conclusions
of this work are given in Sec. V.

II. EXPERIMENT

The high-field XRD experiments have been performed at
the Institute for Materials Research of Tohoku University
with a DC magnet up to 5 T, and at BL22XU in SPring-
8 up to 25 T using a pulsed magnet. Pure oxygen gas
(purity > 99.99995%) was liquified by cooling into a sample
cell designed for each experiment. The setups for the XRD
experiments around the sample space are shown in Figs. 1(a)

©2019 American Physical Society
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FIG. 1. (a) Experimental setup around the sample for the 5 T DC
magnetic field [9]. (b) Experimental setup around the sample for the
25 T pulsed magnetic field [11].

and 1(b). Magnetic fields were applied perpendicular to the
direction of the incident and diffracted x rays in both mea-
surements. A split-pair magnet with windows for XRD exper-
iments was used for each experiment [9-11].
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FIG. 2. The waveform of the pulsed magnetic field and the gate
pulse for the x-ray detector.

For the 5 T DC-magnet experiment, a CuKa (1.54 A)
characteristic emission line was used as the x-ray source.
A helium-gas-closed-cycle refrigerator (so-called GM cry-
ocooler) was used for cooling the 5 T superconducting magnet
as well as the sample [9]. A scintillation counter was used
as the x-ray detector. The measurement temperature was
controlled to be 10 K.

In the 25 T pulse-magnet experiments, the photon en-
ergy (wavelength) of the synchrotron x-ray used is 15 keV
(0.8266 A). The diffraction data were recorded with a PILA-
TUS 100 K detector system [12]. Another GM cryocooler was
used for cooling the sample as well as the pulsed magnet [11].
The time interval of the successive pulsed magnetic field
measurements is 10-20 min, which is necessary for cooling
the magnet after heating due to the discharge for field gen-
eration. The pulsed magnetic field XRD measurements have
been done in time domain [10,11,13]. The gate pulse that ini-
tiates recording the diffraction profile in the PILATUS 100 K
detector has a 100 us duration time and was controlled to be
located at the peak of the pulsed magnetic field waveform as
shown in Fig. 2. The variation of the magnetic field AB/B
during the measurement time (100 ws) is around 2%.

III. RESULTS

A. XRD in the 5 T DC magnetic field

Figure 3(a) shows XRD profiles at several diffraction angle
(20) regions in 0 and 5 T. It is found that the 001, —111, and
—201 Bragg peaks shift to a small-angle region by applying
5 T, while 020, —312, and 021 peaks show no clear peak shift
by magnetic field.

Because the diffractometer equipped with a DC magnet
can be mechanically affected by the magnetic field [9], we
measured the XRD of Cu as the reference data in magnetic
fields. We used the surface of the Cu plate of the sample cell
shown in Fig. 1. The vertical position of the sample holder was
moved upward by 6 mm so that the x ray shines the surface
of the Cu plate whose position is identical to the sample
position before the 6 mm vertical movement. The observed
diffraction profiles are shown in Fig. 4. The double peak
structure corresponds to the energy splitting of the incident x
rays Ko (1.5405 A) and Ko (1.5443 A). Similar splitting of
the diffraction peaks is not seen in the results of solid oxygen
as shown in Fig. 3(a) because their diffraction peaks are broad.
In Fig. 4, it is found that the 111 and 020 diffraction peaks of
the Cu slightly shift to the smaller 26 region by applying 5 T.
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FIG. 3. (a) XRD profiles of the o phase of solid oxygen at 0
and 5 T. The measurement temperature is 10 K. The used x ray is
the Cu Ke line (1.54 A). The red and blue dashed lines denote the
expected positions of the diffraction peaks using the reported lattice
parameters at 0 and 5 T in the previous work [8]. (b) XRD profiles
of the « phase of solid oxygen at 0 and 5 T after the correction of the
experimental error in 26. The measurement temperature is 10 K. The
details of the correction are described in Sec. IV.

We use this result to calibrate the recorded diffraction angle
26 and the corrected XRD profiles are shown in Fig. 3(b). The
details of the correction are described in Sec. I'V.

B. XRD in pulsed magnetic fields of up to 25 T

The measured XRD profiles in pulsed magnetic fields at
10 and 25 T are shown in Fig. 5 along with the zero-field
profile. The XRD at O T is measured with an exposure time
of 10 ms. The profiles at 10 and 25 T are obtained by averages
of six times and five times repetition of the measurements,
respectively. The 001 and —111 peaks are clearly observed,
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FIG. 4. XRD profiles of Cu from the surface of the sample holder
at 0 and 5 T. The measurement temperature is 10 K. The used x ray
is the CuKa line (1.54 A). The thick curves are data obtained by
smoothing the original data shown with washy colors.

52.6

while the —201 peak is seen as a shoulder of the —111 peak.
The obtained XRD profiles at different magnetic fields seem
to be identical at first glance.

IV. DISCUSSIONS

We first discuss the obtained XRD profiles at 5 T. In
Fig. 3(a), the red and blue dashed lines are the expected
diffraction peak positions at 0 and 5 T, respectively, using
the lattice parameters reported in the previous work [8]. The
peak positions at 0 T are observed at a slightly higher angle in
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FIG. 5. 001, —111, and —201 XRD profiles in the « phase at O,
10, and 25 T. Diffraction peaks with * probably come from impurities
adopted on the Kapton tube around the condensed oxygen. The thin
vertical line denotes the peak position at O T and the thin dashed lines
denote the peak position deduced using the magnetic field effect on
the lattice parameters at 7.5 T reported in the previous work [8].
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FIG. 6. The observed peak shifts in 20 at 5 T in the o phase of
solid oxygen and Cu of the surface of the sample holder.

the present work. According to the previous work, the lattice
constants of the a, b, and ¢ axes increase with magnetic fields,
and the XRD peaks should shift to a lower angle as indicated
by the blue dashed lines.

The magnetic field effect on the 001, —111, and —201
peaks we observed seem to be in agreement with the results
of the previous study. However, it is not for 020, —312,
and 021 peaks. Although these peaks should show a larger
field-induced shift than the lower angle diffraction peaks such
as 001, —111, and —201, the actually observed field-induced
shift is smaller as shown in Fig. 3(a). This finding strongly
suggests that there must be an experimental error caused by
magnetic field effects on the diffractometer.

Therefore, the observed magnetic field effect on the XRD
of solid oxygen in the present work should be corrected by
some reference data. We believe that the surface of the sample
holder made of Cu is a good reference sample. Almost no
magnetic field effect on the crystal lattice of Cu is expected
to be observed at 5 T. Hence, the XRD peak must show no
change in the position by the magnetic field. In other words,
the XRD profiles of oxygen shown in Fig. 3(a) have to be
corrected so that the XRD of Cu keeps the diffraction angle
independent of magnetic fields.

In Fig. 6, the changes in 260 by applying 5 T are plotted for
different diffraction peaks. The error bar of the peak position
of the 021 peak at around 59.3° is relatively large because
of its small intensity. The dashed line represents the linear
background obtained from the least-square fit for the 111 and
020 peaks of Cu. We use this background for calibrating the
angle positions of the diffraction peaks. The A26 is subtracted
from the measured 26 for the measurement of oxygen at 5 T
for each angle.

The XRD profiles of the o phase of solid oxygen after the
calibration are shown in Fig. 3(b). The diffraction peaks show
no clear peak shift by applying magnetic fields. By contrast
that the calibration is expected to be accurately applied for the
020 and —312 peaks, it might be less accurate in the lower-
angle peaks such as 001, —111, and —201.

The relative change in the layer spacing (d) for each
diffraction plane by applying a magnetic field of 5 T is plotted
in Fig. 7 as a function of the absolute value of the reciprocal
lattice vector ¢ = 2 /d. It is found that no significant change
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FIG. 7. The relative changes of the diffraction plane spacing at
5 T are shown at different reciprocal vectors.

in the spacing of the diffraction layer d is induced by applying
5 T. The linear magnetostriction is smaller than 10~ at 5 T,
which contradicts the results in the previous work [8] in which
103 or larger value is reported at 5 T.

The magnetic field effects on the XRD at 10 and 25 T
are also smaller than that expected from the reported magne-
tostriction. According to the previous work [8], d of the (001)
diffraction plane and that of the (—111) plane are expected
to increase with magnetic field, and the relative increases of
Ad/d at7.5 T are evaluated to be 5.2 x 1073 and 5.9 x 1073,
respectively. The diffraction peaks are expected to shift to
lower 26 positions and they are indicated with the thin dashed
lines in Fig. 5. However, the diffraction peaks observed at
10 and 25 T are located at the same position as that at 0 T
within our measurement resolution. It is worth noting that the
experimental error caused by applied magnetic fields similar
to the 5 T DC-field measurements is not expected to exist in
the pulsed magnetic field measurements. This is because the
volume of the magnet is small [10,11,14] and thus the leak-
field effect on the measurement apparatus is almost negligible.
Although mechanical vibration due to the magnetic field pulse
can cause a disturbance of the sample position, the effect is not
significant when the pulse duration is shorter than around 1
ms. The mechanical movement of the sample holder generally
takes a longer time and does not disturb the detection of the
diffracted x rays [10,11,14].

The Ad/d for the (001) and (—111) planes are plotted as
a function of the magnetic field in Fig. 8. The magnetic field
dependences of Ad/d for the (001) and (—111) planes ob-
tained from the crystal-lattice parameters previously reported
are also shown. The magnetic field effect observed in the
present study is not greater than Ad/d = 10~* at 5 T, and
the upper limit of Ad/d at 25 T is 2 x 1073, which is much
smaller than the reported giant magnetostriction.

Here we simply evaluate the energy balance between the
magnetic energy (—MH, where M and H here denote the
magnetization and the applied magnetic field, respectively)
and the elastic energy. The magnetization of the o oxygen
is about 5.6 emu/g [15] at 8 T and the magnetic energy is
deduced to be —1.41 J/mol. As for the elastic energy, we
can roughly estimate it using the bulk modulus 2.97 GPa [16]
and the volume magnetostriction AV/V.If AV/V = 1072, the
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FIG. 8. The relative change in the spacing (Ad/d) of the (—111)
diffraction plane is plotted as a function of magnetic field with
open squares. The Ad/d of the (001) diffraction plane is plotted
as a function of magnetic field with open circles. The dotted red
and blue lines are results of the least-square linear fitting to the
experimental results of the 001 and—111 diffractions, respectively.
Calculated Ad/d at 3, 5, and 7.5 T for —111 and 001 diffractions
using the reported magnetic field dependence of the crystal-lattice
parameters [8] are plotted with closed squares and closed circles,
respectively.

elastic energy is deduced to be 6.17 x 10> J/mol, which is
more than two orders of magnitude larger than the magnetic
energy.

By contrast, the magnetic energy of liquid oxygen is
evaluated to be —5.85 J/mol at 8 T [17], while the elastic
energy is deduced to be 6.12 J/mol [18]. The agreement in
order between the elastic energy and the magnetic energy is
understandable, although the energy relaxed due to the mag-
netostriction mechanism must be smaller than the absolute
value of the magnetic energy.

In the previous report [8], the exchange striction mech-
anism is raised as the origin of the giant magnetostriction.
The exchange striction is the effect that deformation of the
crystal lattice takes place so that a resultant change in the
exchange interaction increases the magnetization. Hence, part
of the magnetic energy can be saved by an exchange striction
mechanism, and it should be in balance with an increase of the
elastic energy.

If we assume AV/V ~ 107> at 8 T for o oxygen, the
elastic energy becomes comparable to the absolute value of
the magnetic energy. In this case, the linear magnetostriction
expected is as large as ~2 x 107% at 5 T and ~107> at 25 T,
which is smaller than the resolution limit for detecting the
change in the lattice with XRD in the present work. Moreover,
the linear magnetostriction as large as 107® T~! has recently
been observed by means of the fiber Bragg grating (FBG)
strain gauge [19,20] in o oxygen at 4 K up to 30 T [21].
This finding supports the results of our XRD experiments.
The giant volume magnetostriction AV/V =1072 at 7.5 T
reported in the previous study [8] is more than two orders
of magnitude larger than our results of XRD and that of
magnetostriction. It may also be worth noting that modes
of the electron spin resonance up to 50 T of « oxygen is

well explained in terms of the molecular field theory with
the parameters independent of magnetic field [22,23], which
indicates that no significant exchange striction occurs.

The reason for the contradiction between our results and
the previous study is not very clear. Although the measure-
ment temperature (1.5 K) was lower in the previous study,
the discrepancy of the observed magnetostriction is likely
to be too large because no drastic change in the material
properties has been seen in o oxygen between 10 and 1.5 K.
One of the possible causes for the contradiction is that there
had been some mechanical influence on the experimental
configuration by applying DC magnetic fields in the previous
work as we had observed in the 5 T DC-field measurement.
Small mechanical movements of measurement apparatuses
can cause a change in the observed XRD peak positions.

Here we evaluate the possible technical error in measuring
26. It is assumed that a sample holder becomes slightly bent
when a magnetic field is applied and the sample moves from
the center position. The movement is approximated to be in
the diffraction plane. As shown in Fig. 9(a), the position of
the detector is changed from position A to position A’ and the
change in 20 is defined as A26 = 26" — 20. The coordinates
of A and A’ can be defined as A = (L cos20, Lsin20) and

(a)
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|
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FIG. 9. (a) The schematic view of effects of sample position
displacement from the center of a diffractometer. The displacement
vector d is represented by the thick arrow. It is assumed that the
detected diffraction angle 20 is changed to 26’ by the sample
displacement when a magnetic field is applied. (b) The changes in
the diffraction angle A20 = 26" — 20 are plotted as a function of 26
with different angles y. A condition L = 500 mm and d = 0.37 mm
is used. The dashed line represents the calibration line used for the
correction of the diffraction angle shown in Fig. 6.
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A’ = (x,y). O is the origin of the coordinate system and
—

d = O0'. The 26’ is numerically obtained using the following
equations.

x—dcosy y+dsiny

. , )]

L cos20 L sin 260
x4y =12 )
20" = tan"' (y/x). 3)

The angle y represents the direction of the sample dis-
placement vector d. If the amount of the displacement |d| = d
is smaller than the x-ray beam spot, the configuration shown
in Fig. 9(a) is not far from the real situation.

Calculated A26 are plotted as a function of 26 in Fig. 9(b).
L =500 mm is used and it corresponds to the actual size
of the diffractometer used in the present work for the 5 T
measurement. It is found that when y = 117°, d = 0.37 mm
provides very good agreement with the A26 experimentally
observed (Fig. 6). The 26 dependence of A26 becomes quali-
tatively different by a change in y from 117° to 15°. The A26
becomes small if d is parallel to the diffracted x ray; A26 ~ 0
at 20 = 63° = 180° — 117° for y = 117°.

It is worth noting that this phenomenon due to the me-
chanical position change has nothing to do with the XRD
index. Because the result, similar to that for y = 15°, can
also be obtained by physically meaningful reasoning (i.e.,
crystal deformation), one should be careful when collecting
and analyzing the XRD data obtained in DC magnetic fields.
Since the leak field of a superconducting magnet is relatively
strong, a structural object holding a sample can be influenced
by a magnetic field applied even if it is made from a non-
magnetic metal. This is because the holder is attached to the
diffractometer and the diffractometer has parts made from a

magnetic metal, more or less. Moreover, a nonmagnetic metal
may become magnetic at low temperatures due to impurities.

V. CONCLUSIONS

The high-field XRD experiments on o oxygen at 10 K has
revealed that the linear magnetostriction Ad/d is smaller than
10~* T ~! in magnetic fields of up to 25 T. Simple order esti-
mation of the elastic energy compared to the magnetic energy
indicates that the previous report on the magnetostriction of
liquid oxygen AV/V =2 x 10~ at 8 T is reasonable, while
the reported magnetostriction [8] of o oxygen AV/V = 1072
at 7.5 T is more than two orders of magnitude larger than the
expected value. A more detailed theoretical analysis would be
necessary for quantitative discussions.

The absence of the giant magnetostriction in o oxygen
may also be in agreement with the experimental fact that the
magnetic field induced -6 transition is first order [4—6]. The
deformation of the crystal lattice in a magnetic field is not
significant below the critical magnetic field around 100 T. It
is likely that a drastic symmetry change in the crystal lattice
takes place discontinuously at the phase transition.
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