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Spin-gap formation due to spin-Peierls instability in z-orbital-ordered NaO,
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We have investigated the low-temperature magnetism of sodium superoxide (NaQ,), in which spin, orbital, and
lattice degrees of freedom are closely entangled. The magnetic susceptibility shows anomalies at 7; = 220 K and
T, = 190 K, which correspond well to the structural phase transition temperatures, and a sudden decrease below
T; = 34 K. At 4.2 K, the magnetization shows a clear stepwise anomaly around 30 T with a large hysteresis. In
addition, the muon spin relaxation experiments indicate no magnetic phase transition down to 7 = 0.3 K. The
inelastic neutron scattering spectrum exhibits magnetic excitation with a finite energy gap. These results confirm
that the ground state of NaO, is a spin-singlet state. To understand this ground state in NaO,, we performed
Raman scattering experiments. All the Raman-active libration modes expected for the marcasite phase below
T, are observed. Furthermore, we find that several new peaks appear below 73. This directly evidences the low
crystal symmetry, namely, the presence of the phase transition at 75. We conclude that the singlet ground state of

NaO; is due to the spin-Peierls instability.
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The entanglement of spins, orbitals, charge, and lattice de-
grees of freedom is a fundamental issue in solid-state physics
[1-4]. They yield a variety of phenomena such as supercon-
ductivity, quantum liquids, multiferroics, and orbital liquids
[5-7]. While these physics have been discussed mainly in d-
and f-electron systems, there has been very little discussion in
p- or w-electron systems [8,9]. The magnetism of alkali-metal
superoxide, AO,, originates from the unpaired p electrons on
the O, molecule. In O,, as two unpaired electrons occupy
two 7, orbitals, 77 and 7, whose spins are in parallel to
each other, O, is a magnetic molecule with the spin quantum
number, S, of 1. In AO,, as the A cation is usually fully
ionized, the additional electron on O, occupies one of two
half-filled 7; orbitals. This allows the O, molecule to gain
the orbital degrees of freedom. As three electrons exist on two
7,’s, the energy band for the O; state is quarter filled. The ab
initio band calculations for AO, show that the Fermi energy
locates within the 7 band [10-12]. On the contrary, the ex-
perimental magnetic properties suggest electron localization,
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which implies the importance of an electronic correlation on
the O, molecule. Thus, AO, should be considered as a Mott
insulator [10,11]. Magnetoelastic coupling should occur to lift
the degeneracy of the 7, orbital, which leads to the selection
of the * orbitals. The coherent arrangement of the O, orbitals
is expected to lead to a three-dimensional magnetic exchange
interaction between the spins. Therefore, in AO,, spins, or-
bitals, charge, and lattice degrees of freedom are strongly
coupled [12]. AO; is expected to be a candidate material to
exhibit such fascinating phenomena.

Recently, AO, has attracted much attention for its mag-
netic quantum phenomena at low temperatures [13—-19]. CsO,
shows one-dimensional (1D) antiferromagnetic (AFM) be-
havior in the magnetic susceptibility and the high magnetic
field magnetization [13,16]. It was suggested that a 1D chain
should form as a result of the m-orbital ordering, but the
detailed low-temperature structure has not been determined
[13]. NMR experiments showed a power-law dependence of
the spin-lattice relaxation function, suggesting the emergence
of a Tomonaga-Luttinger liquid state in the 1D short-range-
ordered phase [14].

Contrary to RbO, and CsO,, NaO, has a cubic (space
group: Fm3m) symmetry at room temperature, in which O,
has an orientational disorder [20]. With decreasing temper-
ature, NaO, shows successive structural phase transitions at
Ty =220 and T, ~ 196 K [20]. In the marcasite phase below
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FIG. 1. (a) Unit cell of the marcasite phase of NaO,. The right
figure shows the unit cell in the ac plane. ay and ¢y denote the
axes in the phase III while ¢’ and ¢’ correspond to that in the phase
II. (b) Temperature dependence of magnetic susceptibility, x (T), at
B =0.1T in powder NaO,. x(T) shows clear anomaly at T;, 75,
and T;. The arrows indicate the hysteresis in the cooling and heating
protocols. (c) Enlarged figure around 73. The experimental data y (T')
(blue dot), the low-temperature Curie tail Cy/7 (blue line), and the
subtracted data y (T) — Cy/T (red dot) are shown. x (T) is fitted by
the equation in the text. (d) High magnetic field magnetization at
4.2 K, where the vertical axis indicates the magnetization per O,.
At low magnetic field region, the M(B) curve can be fitted by the
Brillouin function, B,. The experimental data M (B) (blue dot), the By
(orange dotted line), and the subtracted data M (B) — B, (red dot) are
shown.

T, the degeneracy of the 7, orbitals is considered to be lifted
due to the low local symmetry around O,. The magnetic
susceptibility shows a weak decrease below 7, and, then,
a sudden drop below 73 = 30 ~ 40 K. These experimental
findings remind us of the low dimensionality of the spin
system and of a magnetic phase change below 73. Theoretical
calculations for the marcasite phase pointed to the quasi-1D
AFM character along the ¢ axis and frustration of exchange
interactions between different sublattice spins [21]. However,
because of no experimental inspection on the existence of the
magnetic phase transition and a change in crystal symmetry,
the magnetic ground state of NaO, has not yet been clari-
fied. In this Letter, we investigate low-temperature magnetic
and structural properties of the m-orbital system NaO, in
detail. For this purpose, we performed magnetic susceptibility,
high-field magnetization, muon spin relaxation (©SR), x-ray
diffraction (XRD), inelastic neutron scattering (INS), and Ra-
man scattering experiments using high-quality samples.

First, we define three phases [20]: phase I above T;, phase
II between T} and T3, and phase III between 7, and 73. NaO,
has a remarkable temperature dependence of magnetic suscep-
tibility, x = M/B, where M and B denote the magnetization
and the magnetic field, respectively. Figure 1(b) shows the
temperature dependence of y (T') for a powder sample using
a cooling and heating protocol with a magnetic field of 0.1 T.

x(T) shows anomalies around 77, 7>, and T3, which is con-
sistent with the literature [22]. The temperatures of 7; and 7>
correspond well to the structural phase transition temperatures
[23]. In phase I, the x (T') follows the Curie-Weiss law with a
negative Weiss constant of & = —9.4 K. Small 6 indicates a
weak AFM interaction, which should be due to the orienta-
tional disorder of O,. In phase II, the 6 changes to 41.1 K,
suggesting ferromagnetic correlations due to the orientational
ordering of O,. The effective magnetic moments above and
below 7; are estimated to be about 1.82 and 1.68 ug, respec-
tively, which increase slightly from the value expected from
the spin only. This may be due to the orbital effect. Following
a clear hysteresis around 7, which indicates a first-order
phase transition, x (7") shows a weak decrease with decreasing
temperature. As the localized spins on O, are responsible for
the magnetism of NaQ,, the remarkable decrease of (7))
in the phase IIl is an important key to consider the low-
temperature magnetism [21,24]. In other words, it may be
reasonable to think that it comes from low-dimensionality. To
evaluate J from the x (T), we used the Bonner-Fisher model
[25] and a two-dimensional model with weak interchain inter-
action [26], as shown in Fig. S3 in the Supplemental Material
[23]. However, we could not reproduce the experiments by
these models using the temperature-independent J. The XRD
experiments showed that the thermal shrinkage coefficient of
the ¢ axis was —5.16 x 10~* (A/K), which was the largest
value among the principal axes. Thus, the shrinkage of the
nearest-neighbor (NN) length between O,’s, which corre-
sponds to the c-axis length, may be sufficient to make AFM J
stronger as the temperature decreases.

Below T3, x(T) decreases rapidly with decreasing temper-
ature with no temperature hysteresis and, then, increases. The
1SR experiment showed that no magnetic ordering was found
down to 0.3 K as described later. Therefore, the decrease
of x(T) implies the appearance of a spin gap in the spin
excitation spectrum. Note that the low-temperature Curie tail
is strongly dependent on the sample batch, indicating that it
is due to the extrinsic spins. To evaluate the intrinsic tem-
perature dependence of x(7"), we use the equation x(7) =
Co/T + C/T exp(—2A/kgT), where the A denotes the spin
gap and kg is the Boltzmann constant [27,28]. The first term is
the Curie-tail contribution, which can be subtracted from the
data, and the second term is responsible for the spins excited
from the singlet state to the magnetic excited states. As shown
in Fig. 1(c), the fitting by this equation with A/kg =51.2 K
is good. The Curie tail allows us to estimate the number of
extrinsic spins with § = 1/2 to be 0.014 mol in this sample.

Figure 1(d) shows the magnetization curve, M(B), as a
function of Bupto 60 T at T = 4.2 K. The saturation magneti-
zation is equivalent to ~1 up. Note that the M (B) experiment
was performed using the same sample as the x(7) experi-
ments. At T = 4.2 K, the M(B) shows a nonlinear increase
at low fields and an anomaly with a large hysteresis around
~30 T. To evaluate the low magnetic field part of the M(B)
curve, we use a Brillouin function as shown in Fig. 1(d). The
fitting was good and the number of paramagnetic spins was
obtained to be 0.011 mol. This value is consistent with that ob-
tained from the Curie tail in the x (T) experiment, allowing us
to subtract the low-field Brillouin contribution from the M (B)
curve. Accordingly, M (B) shows the magnetic-field-induced
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FIG. 2. (a) Zero-field (ZF) uSR spectra of NaO, at 5 K and
100 K. The inset shows ZF uSR spectrum at 0.3 K. The solid
lines are the fitted curves using the equation in the text. (b) Tem-
perature dependence of A. The solid line is the fitted curve using
the gap-related analysis function described in the text [27,28]. The
inset shows the temperature dependence of o. (c) INS spectra after
background subtraction. Details are described in the Supplemental
Material [23]. (d) INS profiles, where the spectra between 0.5 A~
and 1.5 A~! are integrated. Temperature dependence of the intensity
at 9.4 meV is shown in the inset.

transition from nonmagnetic to magnetic state with the large
hysteresis around ~30 T.

To find out any signatures of a magnetic ordering in NaO,,
we performed SR experiments down to 0.3 K. Figure 2(a)
shows corrected time spectra measured at 0.3 K (K T3), 5 K,
and 100 K (>> T3) in the zero-field (ZF) condition. Neither the
loss of the initial asymmetry at + = 0 nor the muon-spin pre-
cession was observed down to 0.3 K. These findings exclude
the presence of a long-range magnetic order down to 0.3 K.

To focus on collecting some data points around 73, we
analyzed the depolarization rate obtained in ZF by using the
function: A() = Ae e~ 4+ BG [29]. Here, the Gaussian
term arises from the muon-spin relaxation caused by ran-
domly distributed internal fields coming from surrounding
nuclear dipoles. The exponential term describes the effect of
the fluctuating electronic moments around the muon [30,31].
The BG indicates background signals from muons which do
not stop in the sample but in a sample mounting plate. These
BG signals were subtracted from the raw signal as a constant
term in order to achieve corrected SR time spectra.

The temperature dependencies of A and o are shown in
Fig. 2(b). Above T3, we obtained A ~ 0.1 and o ~ 0.22 s~ L.
The result of A obtained above 73 indicates that electronic
spins likely fluctuate beyond the wSR characteristic time
window (107% ~ 10~ sec), resulting in the motional nar-
rowing limit. The A increase below 73 suggests that the
muon is expected to sense the formation of the spin-gap
state in NaO,. One possible scenario to explain this result
is that the muon spin relaxes its polarization by the ther-
mally activated electronic spins across the spin gap. The
same behavior was observed in other spin-gap systems [27].

Following this scenario, the spin gap is estimated from the
temperature dependence of A below 73 by applying the follow-
ing function: A(T) = Ao{l + C"exp(—2A/kgT)} ™" [27,28].
Using this equation, we estimated the A/kg to be ~44.6 K,
which was consistent with that obtained from the magnetic
susceptibility measurement.

Figure 2(c) shows the INS spectra of the powder sample
at 2.70 K, where the background contribution was subtracted
(see Supplemental Material [23]). The excitation around Q ~
1 A= is shown to have a finite energy gap. The intensity
decreases with Q, which is typical behavior of magnetic scat-
tering, in the range of Q <2 A~!. The enhanced intensity at
Q > 2 A~ is from remnant phonon scattering of the sample
cell made of aluminum. The first momentum of the dynamical
structure factor in the 1D AFM spin chain is proportional to
1 — sin Qd/Qd, where d is the distance between spins [32],
leading to the pronounced intensity at Q ~ 1 A=,

To reveal the change in the intensity as a function of
temperature, the spectra integrated between 0.5 A~! and 1.5
A" are shown in Fig. 2(d). At 2.70 K, the intensity starts to
increase at £ ~ 4 meV and has a maximum at £ ~ 9 meV.
The temperature dependence of the intensity at the maximum
energy is shown in the inset. It shows no temperature de-
pendence above T3, and gradually increases with decreasing
temperature below 73. This result directly indicates that NaO,
has the magnetic excitation with an excitation gap energy of
9 meV below T3. As the uSR experiments indicated no mag-
netic long-range ordering down to 0.3 K, this peak results not
from magnetic excitation in the magnetic long-range-ordered
phase but from singlet-triplet excitation in the nonmagnetic
ground state.

We searched for structural dimerization of the O,
molecules as the cause of the nonmagnetic state by the XRD
and neutron diffraction measurements, but could not expe-
rience the direct evidence on the structural change below
Tz [23]. Then, we perform Raman scattering experiments
because of high sensitivity to changes in crystal symmetry
and/or molecular charge. Figures 3(a) and 3(b) show the tem-
perature dependence of the Raman scattering spectra in the
stretching and the libration mode region of O,, respectively.
We will focus on the change of the Raman-active modes
around T3.

As the crystal symmetry of phase IIl is determined as Pnnm
(Day), the sets of Raman active stretching and libration modes
are given by I's = A, + Big and I'y = By, + B3 + Ay + Bog,
respectively [33,34]. As shown in Fig. 3(a), two peaks can be
clearly observed in the stretching mode region. We can assign
that the peaks at 1163 cm™' and 1140 cm™! originate from
the in-phase and the out-of-phase stretching modes, namely,
A, and By, respectively. In the libration mode region [see
Fig. 3(b)], two major peaks are observed around 150 cm™!
(L) and 240 cm™! (L)), and very weak peaks are observed
around 130 cm™' (L4) and 190 cm™~! (L,). Note that these
peaks were not observed at room temperature, and appeared
below 73, indicating that they do not originate from impuri-
ties, but are intrinsic signals of NaO,. The libration modes
can be assigned from the intensity and energy, but a more
detailed consideration will be needed. Anyway, these results
demonstrate that all Raman active modes for the phase with
the Dy, symmetry can be successfully detected [33]. Below
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FIG. 3. Raman scattering results of NaO,. (a) and (b): Temperature dependencies of the stretching modes and the libration modes below
50 K, respectively. The spectra are shifted along the vertical axis for clarity. The asterisk peak is a line included in the laser source.
(c) Temperature dependencies of peak intensity for the libration mode region, where the peak intensities are normalized by the intensity
at 5 K. At low temperatures, these peak intensities might not be saturated due to laser heating. Solid lines are guides to the eye.

T;, while no change was observed in the stretching mode
region, in the libration mode region, new peaks at 173, 86,
and 56 cm™! gradually appeared, which are represented as P;,
P>, and P in Fig. 3(b), respectively. Figure 3(c) summarizes
the temperature dependence of the peak intensity observed
in the libration mode region. While the I';, modes depended
weakly on the temperatures, the P;, P», and P; peak intensities
increased markedly below 30 K, following order-parameter-
like behavior. Note that no splittings of the stretching modes
are found, suggesting an absence of charge ordering on O;.
Thus, this result clearly indicates an existence of a phase
transition around 73. Because all Raman-active I'; modes are
confirmed in phase III, the observation of the new peaks is
direct evidence of the low crystal symmetry below 73.

To discuss the cause of the nonmagnetic state, it is nec-
essary to understand the crystal structure of the precursor
phase, i.e., the phase III. O is octahedrally surrounded by Na
atoms in all phases. In phase II, the molecular axis is aligned
along one of the four equivalent [111] directions of the octa-
hedron (see Supplemental Material [23]). The NN molecules
arrange their molecular axes to avoid each other, i.e., coherent
antiferro-like arrangement of the molecular axes. Because the
symmetry of the octahedron is still cubic, the degeneracy of
the 7 orbital should be conserved. On the contrary, in phase
III, the threefold symmetry of the octahedron is lost and the
molecular axis is slightly tilted from the [111] direction of
the octahedron. Na-Na bond lengths are changed to be not
equivalent and the Na-O bond length is increased along the b
axis. [In Fig. 1(a), different Na-Na bond lengths are displayed
by colors.] The NN molecules within the ac plane arrange
their molecular axes to be parallel to each other; namely, the
ferro-like arrangement of the molecular axes is realized. Thus,
the NN molecular axes are parallel to each other along the ¢
axis while they are canted along the a and b axes. The twofold
distortion of the octahedron should break the orbital degener-
acy, and stabilizes the m) orbital perpendicular to the ¢ axis
as the unoccupied orbital. Namely, a ferro-orbital ordering
is realized in the ac plane. The c-axis length, i.e., the length
between the NN molecules, is obtained to be 3.39 A at 100 K,
which is close to the length between molecules in the o phase
of the solid O, (~3.2 A) [35,36]. Consequently, we can expect
the strong AFM exchange interaction along the ¢ axis. This

structural peculiarity should be manifested in the x (7") below
T», namely, the low-dimensional nature. Moreover, because
there was no structural dimerization of O, in any directions in
all phases, we were able to deny both isolated dimerization of
O, and 1D alternating AFM chain as the cause of the spin gap.
Accordingly, we can conclude that the magnetism in phase
IIT is based on the uniform AFM spin chain and, then, the
magnetic ground state is the spin-Peierls (SP) state.

Finally, we consider the SP state in NaO,. As the spin-gap
value and the SP transition temperature are obtained to be
A/kg = 51.2 K and Tz = Tsp = 34 K, respectively, from the
magnetic measurements, the value of 2A /kgTsp is calculated
to be 3.01. This is comparable with the BCS weak-coupling
result (3.54). The alternating exchange interaction constants,
Ji and J,, in the SP state can be written as J;» = J(1 £6)
using the alternating parameter § [37]. The spin gap is also
related to A = 2pJ§ with p ~ 1 + 2/m. Using Bulaevskii’s
formula for the x(7") below the SP transition [38], we es-
timate the § by fitting to the experiment. When we use the
J/kg = 140 K in the 1D uniform AFM phase, which was
obtained around 50 K, we obtain the § of 0.11. For the organic
SP compounds TTF-CuBDT [39] and the inorganic CuGeO3
[40], the § was estimated to be 0.167 and 0.167, respectively.
The § in NaO, is comparable to these values. Moreover, the
8 of 0.11 roughly leads to the A /kg of 51 K, which is almost
identical to the spin-gap value obtained in the experiment. It
is known that the AFM J of the solid-O, magnet depends
exponentially on the intermolecular length [36,41-43]. As
we expect that the direct magnetic interaction between NN
0O,’s along the ¢ axis is dominant, the same dependence can
be applied. If so, even though the lattice dimerization in
NaO, would be extremely small and not observed experi-
mentally, the J alternation may occur in the SP phase. More
detailed structural study in the SP phase of NaO, is a future
task.

In summary, we have investigated the low-temperature
magnetism of NaO,. We found no magnetic phase transition
down to 7 = 0.3 K and confirmed the spin-singlet ground
state below 73. Raman scattering experiments clearly indi-
cated the presence of the phase transition at 73. Consequently,
we conclude that the singlet ground state of NaO, is due to
the SP instability.
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