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NaYbO, has been reported as a possible host for the quantum spin-liquid state. Here, the composition-
dependent polycrystalline Na, ,YbO, (x = 0, 0.03, and 0.07) has been investigated by combining high-field
magnetizations and inelastic neutron scattering techniques. For the x = 0 sample, no signature of a magnetic
order is observed down to 0.3 K. Inelastic neutron scattering measurement suggests a continuous low-energy
excitation spectrum centered at momentum transfer (Q) ~ 1.25 A~! and extending up to energy transfer (E) ~
2.0 meV. In contrast, x = 0.03 and 0.07 samples exhibit magnetic transitions at 1.1 and 2.3 K, respectively. High-
field magnetization measurements indicate similar behaviors for x = 0 and 0.03 samples including plateaulike
features at the 1/3 saturated magnetization, which implies that the spin disorder in the x = 0 sample might
be suppressed preceding the emergence of the up-up-down phase. This composition- and field-dependent study
allows us to construct complete phase diagrams indicating that NaYbO; is a promising candidate for the quantum
spin-liquid state in close proximity to the antiferromagnetic instability tuned by the application of magnetic fields
as well as controlling the concentration of Na* ion vacancies.
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I. INTRODUCTION

Frustrated spin systems are believed to be an ideal play-
ground for the realization of quantum spin liquid (QSL)
[1,2]. In a strongly frustrated magnetic system, the competing
magnetic interactions that cannot be simultaneously satisfied
promote quantum fluctuations and essentially prevent long-
range order in the system. While several theoretical mod-
els have been proposed [3-6], such as the Z, and Kitaev
models, the realization of QSL in real materials is quite
challenging. A number of spin-1/2 triangular-lattice antifer-
romagnetic (AFM) organic Mott insulators [7,8], such as
k-(BEDT-TTF),Cu,(CN); and EtMe;Sb[Pd(dmit),],, have
been widely surveyed for the QSL state. At the same time,
their inorganic counterparts have also been investigated ex-
tensively. In triangular-lattice AFM YbMgGaOy [9], effective
spins (Jef = 1/2) on Yb3* ions do not exhibit trivial long-
range order [10,11]. In the kagome lattice ZnCu3(OH)Cl,
[12], long-range order has not been detected down to
20 mK [13], and an inelastic neutron scattering (INS) study
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has revealed fractionalized excitations [14]. A spin excita-
tion continuum has been probed in the pyrochlore-lattice
Ce,Zr,07, indicating the existence of a three-dimensional
QSL state [15].

The inorganic compounds NaYbCh, (Ch = O, S, and Se)
have been prepared and studied for magnetic properties and
specific heat for several decades [16,17]. Very recently, fur-
ther measurements down to much lower temperatures have
suggested that NaYbCh, (Ch =0, S, and Se) are a typ-
ical Jogr = 1/2 triangular-lattice AFM system serving as a
promising host for QSL [18]. In contrast to YbMgGaO,4 with
Mg/Ga occupational disorder [19], an absence of inherent
structural distortions in this system is manifested in the clear
and narrow Yb electron spin resonance (ESR) lines and BNa
nuclear magnetic resonance (NMR) lines in NaYbS, [20]. In
addition, the crystal-electric-field excitation spectra obtained
with INS indicate three shape peaks as expected for Yb**+
with the 2F; ,»2 multiplet [20,21], in contrast with YbMgGaOy,
where the excitations are broadened and even show one more
peak [19]. Very different g factors along and perpendicular
to the ¢ axis determined in ESR measurements on single
crystals are indicative of a strongly anisotropic quasi-two-
dimensional magnetism [20,22,23]. As a critical issue, the
fluctuating nature of spins has been confirmed by several
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muon spin resonance measurements [20,21,24]. Moreover, a
continuum excitation spectrum has also been observed in an
INS study on powder samples [21,25]. Under high magnetic
fields, this system exhibits a series of transitions and there
exists a plateaulike feature at the 1/3 saturated magnetization
[21-23,25]. In situ neutron diffraction experiments support
the existence of the up-up-down phase at about 6 T [25,26],
in accordance with the specific heat and NMR measurements
[22].

Given that the structural intactness may play a critical
role in the magnetic behaviors as seen in YbMgGaO, [11],
in this work we present an investigation of polycrystalline
Na;_,YbO, (x = 0, 0.03, and 0.07) combining high-field mag-
netization up to 35 T and INS measurements down to 0.3
K. Spins of the stoichiometric sample are still fluctuating,
while the nonstoichiometric ones show well-defined magnetic
transitions, but the x = 0 and 0.03 samples exhibit similar
field-induced cascades. The INS study on NaYbO, suggests
broad low-energy spin excitations. Our research indicates that
NaYbO, has a highly tunable magnetic disordered state close
to the AFM instability.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Na;_,YbO, (x =0, 0.03, and
0.07) were synthesized using a solid-state reaction method.
Na,O and Yb,O3; were carefully grinded into a fine powder
and mixed in ratios of 4:1, 3.9:1, and 3.8:1, respectively.
Note that appropriate ratios for preparation are highly de-
pendent on the volume of the free space in the crucibles.
The mixtures were pressed into solid pellets, sintered at
700 °C for 8 h in magnesia crucibles, and furnace-cooled
down to room temperature. The accurate chemical composi-
tions of the final products were examined by means of atomic
absorption spectroscopy, which are NaYbO,, Naj¢7;YbO,,
and Na 93 YbO,, respectively. In-house x-ray diffraction was
performed to confirm the purity of the samples using a
Rigaku D/Max-2000 diffractometer with Cu Ko radiation.
Neutron powder diffraction measurement was conducted at
the General Purpose Powder Diffractor (GPPD) [27] of China
Spallation Neutron Source (CSNS) in Dongguan, China, and
the collected diffraction patterns were refined using GSAS
[28]. The stationary magnetization measurements were car-
ried out using Quantum Design magnetic properties measure-
ment systems (MPMS) in the temperature range from 0.5 to
2 K with a helium-3 cooling system at the High Magnetic
Field Laboratory of Chinese Academy of Science and in
the temperature range from 1.85 to 380 K with a helium-4
cooling system, respectively. The pulsed-field magnetization
measurements were conducted at the magnetization station
of the Wuhan National High Magnetic Field Center at up to
35 T. Time-of-flight INS measurements with an incident
neutron energy (E;) of 3.135 meV were performed at the
cold-neutron disk-chopper spectrometer BL14 AMATERAS
of J-PARC in Japan [29]. The energy resolution at the elastic
channel is about 0.06 meV. A helium-3 cryostat was used to
access low-temperature regions down to 0.3 K. The S(Q, E)
data were reduced using the UTSUSEMI package [30] and
visualized in the Mslice module of DAVE [31].

III. RESULTS AND DISCUSSION

NaYDbO; crystallizes in the rhombohedral delafossite struc-
ture with space group R3m, where Yb3* and Na* octahedrally
coordinated to O®~ ions organize a layered structure in the ab
plane and alternately repeat along the ¢ axis. The magnetic
layers are well separated to ensure crystallographically their
quasi-two-dimensional nature. In the magnetic layer, Yb3*+
ions form a perfect triangular lattice with a Yb-Yb distance
of 3.348 A. The crystal structural features are drawn in
Figs. 1(a)-1(c). The refinement of a neutron powder diffrac-
tion pattern confirmed such a structure, and there was no
impurity phase observed, as shown in Fig. 1(d). The lattice
constants obtained are a = 3.348 A and ¢ = 16.527 A.

The magnetic susceptibility measurements were performed
in a temperature range from 0.5 to 380 K, as shown in
Fig. 1(e). There is no signature of a magnetic order observed
down to 0.5 K. The zero-field-cooled (ZFC) and field-cooled
(FC) curves are fully overlapped, which may exclude the
possibility of spin freezing [32]. The temperature dependence
of the inverse magnetic susceptibility 1/x(7) in the range
from 200 to 380 K is well described by the Curie-Weiss (CW)
law, x(T') = o + C/(T — 6cw), where x is a temperature-
independent residual term, C stands for the Curie constant,
and Ocw is the Curie-Weiss temperature. The fit to the CW law
gives xo ~ 0.046 cm? /mol, Ocw = —120K, and an effective
moment e = 4.5 up derived from C. The negative value of
Ocw indicates a strong AFM interaction, which is comparable
to the previous results (—100 K), however the residual term
Xo 1s much larger [22]. The obtained ues is consistent with
the theoretically predicted 4.54 ug for Yb3* ions with the
2F7/2 multiplet with g = 8/7 [33], as well as with the previous
experimental value [22].

The ground-state Kramers doublets of Yb’*, result-
ing from spin-orbit coupling and crystal-electric-field ef-
fects, are responsible for the low-temperature magnetic
behaviors of NaYbO, [34]. In addition, quantum fluctua-
tion also has a great impact on the low-temperature mag-
netic properties of a frustrated spin system [35]. The fit
of 1/x (T) in the range from 10 to 20 K to the CW
law yields xo =~ 0.056 cm? /mol, Ocw ~ —10K, and per =
2.4 ug. Considering an effective spin-1/2 model, the esti-
mated g factor is 2.77 in terms of e = go/J(J + 1)us,
which is close to the average g value (2.86) obtained
in the ESR measurements [22]. Its Ocw of —10 K
is very close to the value of —9 K extracted from the ESR
analysis [22], whose absolute value is approximately three
times bigger than that of YbMgGaO,4 [36] (6 = —1.5K,
0, = —2.7K), implying much stronger AFM exchange inter-
actions in NaYbO,.

The low-energy spin excitations were examined using the
INS technique. E; of 3.135 meV was selected to map the
dynamic structure function S(Q, E) in a desirable reciprocal
space with an energy resolution of about 0.06 meV at the
elastic channel. The contour plots of S(Q, E) of NaYbO,
are shown in Figs. 2(a)-2(d) at 0.3, 0.6, 1.0, and 2.5 K,
respectively. These powder-averaged S(Q, E) spectra are con-
siderably featureless other than a diffuse excitation centered
at Q ~ 1.25 A~'. The intensity spreads from the elastic line
to the high-energy region up to 1.0 meV. As temperature rises,
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FIG. 1. (a)—(c) Crystal structure of NaYbO, with the triangular-lattice magnetic layer and YbOgs octahedron highlighted. (d) Neutron
powder diffraction pattern of NaYbO, obtained at GPPD at room temperature and the Rietveld refinement analysis with the R3m structure.

(e) Magnetic susceptibility of NaYbO, and the fitting to the CW law. The insets show the magnetic susceptibility and the fitting at the
low-temperature region, respectively.
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FIG. 2. (a)—(d) Contour plots of dynamic structure function S(Q, E') at 0.3, 0.6, 1.0, and 2.5 K with the incident energy E; = 3.135meV,
respectively. (e) Constant-E cut spectra at —0.01 < E < 0.01 meV for the elastic component (upper panel) and 0.1 < E < 0.5meV for the
inelastic component (lower panel). (f) Constant-Q cut spectra at 0.8 < Q < 1.0 A~! with the resolution line plotted.
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FIG. 3. (a) and (b) Magnetization curves of NaYbO, at 0.5 and 1.8 K under stationary fields (up to 7 T) and pulse fields (up to 35 T),
respectively. The dashed lines represent the Van-Vleck paramagnetic contributions. (¢) The differential magnetization (dM/dB) curves at 0.5,
1.0, 1.8, and 4.2 K. (d) Magnetization curve at 0.5 K minus the Van-Vleck paramagnetic contribution. The saturated magnetization (M;) and

the plateaulike feature at M, /3 are labeled.

the intensity rapidly decays. To examine the spectral details,
constant-E and constant-Q cut spectra are plotted in Figs. 2(e)
and 2(f), respectively. The elastic peak located at 1.15 A~!
is the (003) nuclear Bragg peak, while the broad inelastic
peak observed at 1.25A~" is likely attributed to dynamic
spin correlations in magnetic layers because this position is
related to the magnetic reflection of the propagation vector
(1/3,1/3,0). In spectra sliced at 0.8 < QO < l.OA’l, we ob-
serve broad excitations extending up to 2 meV. Within the
energy resolution of 0.06 meV, the excitation appears gapless.
The shoulder located at about 0.6 meV might be ascribed to
complex structures of the spin excitation, which needs to be
clarified in a momentum-dependent measurement. It is noted
that the excitation bandwidth in YbMgGaQy is about 1.3 meV
[37], which is smaller than 2 meV of NaYbO, investigated
here. This is in agreement with the fact that NaYbO, has much
stronger exchange interactions.

Then, we exploit how such a highly fluctuating state re-
sponds to applied magnetic fields and composition tailoring.
Shown in Fig. 3(a) is the stationary magnetization curve up
to 7 T at 0.5 K. It can be seen that the magnetization is
quickly increased, but it is not saturated as the field reaches
7 T. In addition, two anomalies are found at about 3 and 6 T,
respectively, which differ from YbMgGaO, in which a trivial
magnetization curve was observed [9]. Such a feature implies

that there exist field-induced quantum transitions. Hence, we
continue magnetization measurements with pulsed fields up to
35 T. The differential magnetization (dM/dB) clearly shows
three peaks at 2.8, 6.2, and 9.8 T, and the positions of the
first two peaks are consistent with the stationary field magne-
tization result [Fig. 3(c)]. At 1.8 K, these features become so
suppressed that there only exists a very broad bump at about
10 T [see Figs. 3(b) and 3(c)].

The linear behavior of the magnetization curves observed
above about 14 T is related to the Van-Vleck paramagnetism.
Originating mainly from the excited crystal-electric-field ef-
fects, a large Van-Vleck term (x,,) is usually observed in
rare-earth compounds, such as PrPts [38] and Eu, 03 [39]. By
extracting the slope of magnetization curve at higher fields,
Xvv are determined to be 0.147(5) and 0.147(3) cm3/mol for
data at 0.5 and 1.8 K, respectively, much larger than previ-
ously reported [22]. After subtracting the Van-Vleck term, it
can be seen that the system is saturated at about 20 T with the
saturation magnetization (My) of about 1.24 pug. This value
of M, is a little smaller than 1.36 up previously reported in
Ref. [22].

It is possible to understand the magnetization process
after subtracting the Van-Vleck paramagnetic contribution. As
shown in Fig. 3(d), there is a plateaulike feature close to M, /3.
M, /3 plateaus have been widely observed in triangular-lattice
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FIG. 4. (a) and (b) Temperature dependencies of magnetic susceptibility of Naj¢;YbO, and Naj o3 YbO,, respectively. The insets show
the details in the vicinity of the phase transitions with Néel temperatures (7y) labeled. (c) Low-field magnetization curves of NaYbO, and
Nag.97 YDO,. (d) Magnetization curves of Nagg7YbO, at 0.5 K under stationary fields (up to 7 T) and pulsed fields (up to 35 T). The inset

shows the differential magnetization (dM/dB).

AFM compounds, such as in RbFe(Mo0Qy), [40], Cs,CuBry
[41], and Ba3zCoSb,Oy [42,43]. In a triangular-lattice AFM
material with Heisenberg spins, the spins form a 120° AFM
spin structure at zero magnetic field [44]. Under an applied
magnetic field, such a 120° ordered state is transformed to
a collinear up-up-down (uud) state with total magnetization
equal to M;/3 [45,46]. In addition, quantum spin fluctua-
tions can stabilize the uud state over a certain range of field
[44]. NaYbO, differs from these antiferromagnets because
its ground state is disordered. The presence of an M;/3
plateaulike feature in NaYbO, suggests that the disordered
state might be suppressed to a 120° AFM structure upon
applying magnetic fields. When the magnetic field continues
to increase, the uud state becomes energetically unstable
and then some complex magnetic states appear before spins
are fully polarized. Neutron diffraction measurements on
NaYbO,; under magnetic fields confirm the existence of the
uud phase [25,26].

In addition to the influence of magnetic fields, we have
also found that the disordered state of NbYbO, is extremely
sensitive to the concentration of Na™ ion vacancies in the
compound. Shown in Figs. 4(a) and 4(b) are the temperature
dependencies of magnetic susceptibility of Najg;YbO, and
Nay 93 YbO,, respectively. In contrast to the stoichiometric
NaYbO,, Naj 97 YbO;, and Nag 93 YbO, exhibit magnetic tran-

sitions at 1.1 and 2.3 K, respectively. The ZFC and FC curves
are not bifurcated at the transition temperatures, which ex-
cludes the existence of glassy behavior [32]. We compare the
low-field magnetization curves of NaYbO, and Nag ¢9; YbO; in
Fig. 4(c). NaYbO, shows a clear nonlinear process, attributed
to the suppression of quantum spin fluctuation by magnetic
fields. Unlike NaYbO,, Nag97YbO, has a smoothing linear
magnetization process characteristic of an AFM system. We
also examine the high-field magnetization behavior as shown
in Fig. 4(d), where dM/dB shows three maxima at 2.8, 6.1,
and 9.7 T, respectively, almost identical to the stoichiometric
sample. This result also suggests that the disordered state of
NaYDbO; is indeed suppressed under very low fields.

Based on the results presented above for field and composi-
tion dependencies, we propose putative phase diagrams of the
NaYbO, system. The magnetic quantum disordered state is
localized at low temperatures and low fields. With the applied
magnetic field increasing, such a state is so fragile that a small
magnetic field can transform the system into the 120° AFM
state. At about 2.8 T, the 120° spin structure is converted into
the collinear uud magnetic state, which can be maintained
over a certain range of magnetic fields due to the quantum
fluctuations. When the magnetic field is higher than 6.2 T, the
uud state becomes energetically unstable and a canting spin
structure is developed. When the applied magnetic field ramps

064410-5



JIE GUO et al.

PHYSICAL REVIEW MATERIALS 4, 064410 (2020)

(@) 20
Z leflt::)iﬂ((iiffraction [25]
15¢ Q
g QSL R
A ﬁ% 4
8 A =
0.5 é %
. /*
o S
0 4 8 12 16
B (T)

(b) 25—
' Na,,.YbO, *
20F ‘
15F ¢
o QSL PM AFM
g &
~ : &
LOF } Na0.97YbOz
05F |
Narvo, Ll
00 Bt 1 I I 1 I
0 1 2 3 4 5 6 7 8
x (%)
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pulsed-field magnetization measurements. (b) Composition-temperature phase diagram of Na;_,YbO, system. Ty was determined as shown in

Figs. 4(a) and 4(b).

to about 14 T, spins start the gradual crossover to saturation.
Finally, spins are fully polarized to form the forced ferro-
magnetic state at about 20 T. Accordingly, the temperature-
field phase diagram is summarized in Fig. 5(a). Similarly, we
plot the temperature-composition phase diagram, as shown
in Fig. 5(b). The AFM transition temperature decreases with
the concentration of Na™ ion vacancies reduced. At a critical
point, the concentration of Na™ ion vacancies is not large
enough to release the frustration, and then the spin system
becomes disordered. These two phase diagrams can serve
as a guideline to study this system, but the precise phase
boundaries separating the disordered state and this AFM state
have not been established yet.

IV. SUMMARY

To summarize, we have synthesized triangular-lattice AFM
NaYbO,, Nag 97 YbO,, and Nag 93 YbO,. The magnetic prop-
erties at low temperatures can be described based on the
Kramers doublets. The magnetic susceptibility results indicate
strong AFM interactions, and no magnetic order is detected
down to 0.5 K. This disordered state is perhaps suppressed
to the 120° spin structure, and the M /3 plateaulike feature is

subsequently observed at about 2.8 T. The INS measurements
suggest a broad gapless spin excitation persisting up to 2 meV.
The vacancies of Na™ ions induce AFM orders in Nag 97 YbO,
and Nag 93 YbO, with Ty of 1.1 and 2.3 K, respectively. It is
mostly likely that they have a similar 120° spin structure to
NaYbO, in magnetic fields. Our study indicates that NaYbO,
is in very close proximity to the AFM quantum critical point.
The magnetic field and composition tunabilities make it a
great playground for QSL physics in the future.
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