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Polycrystalline samples of NaYbO, are investigated by bulk magnetization and specific-heat measurements, as
well as by nuclear magnetic resonance (NMR) and electron spin resonance (ESR) as local probes. No signatures
of long-range magnetic order are found down to 0.3 K, evidencing a highly frustrated spin-liquid-like ground
state in zero field. Above 2 T, signatures of magnetic order are observed in thermodynamic measurements,
suggesting the possibility of a field-induced quantum phase transition. The 2*Na NMR relaxation rates reveal
the absence of magnetic order and persistent fluctuations down to 0.3 K at very low fields and confirm the bulk
magnetic order above 2 T. The H-T phase diagram is obtained and discussed along with the existing theoretical
concepts for layered spin—% triangular-lattice antiferromagnets.
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Two-dimensional (2D) triangular-lattice antiferromagnets
(TLAF) with spin-% ions are a highly active field of re-
search in current condensed-matter physics. Here, strong
magnetic frustration due to the lattice geometry enhances
quantum fluctuations and leads to exotic ground states. One
of the most interesting examples is the quantum-spin-liquid
(QSL) state, which is characterized by highly entangled
spins, that remain dynamic down to zero temperature with-
out any symmetry breaking [1-3]. Typical examples include
k-(BEDT-TTF),Cu,(CN);, Et,Mes_,Sb[Pd(DMIT),],, and
Ba3CuSb,09 [4-7]. The presence of strong spin-orbit cou-
pling (SOC), a local entanglement of spin and orbital de-
grees of freedom, further enhances the frustration and quan-
tum fluctuations [8—11]. Therefore, triangular systems with
SOC are prime candidates for emerging QSL ground states
[12,13]. Recently, YbMgGaO, [14,15] and NaYbS, [16] have
been proposed as rare-earth triangular-lattice QSL candidates,
where the 14-fold spin and orbital degeneracy of the Yb**
ions is lifted to four Kramers doublets due to the strong SOC
and associated crystal electric field (CEF) effects. Eventually,
the low-temperature behavior of these materials can be un-
derstood as arising from the effective (pseudo)spin-% ground
state. The first excited doublet is well separated from the
ground state by an energy gap of A ~ 420 K and ~200 K for
YbMgGaO, and NaYbS,, respectively. The magnetic entropy
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also supports the formation of a robust pseudospin—% state at
low temperatures [14—16].

It is known that in applied magnetic fields, the nature
of the ground state is significantly modified for a spin-%
TLAF [17]. The so-called “order by disorder” mechanism
in TLAF can stabilize different phases, including an oblique
version of the 120° state (Y phase), the collinear “up-down-
up” (uud) phase, and a canted version of the wuud phase
(canted 2:1 phase) [17]. The stabilization of the uud phase
is manifested by a magnetization plateau at %MX over a finite
field range. Experimentally, this has been reported only in
a few TLAFs, including Cs,CuBry [18,19] and BazM Sb,0y
(M = Co, Ni) [20-22]. Moreover, even a small interlayer
interaction, which is present in most of the real materi-
als, can generate additional frustration and quantum phase
transitions at strong magnetic fields [23,24]. Even though
the non-spin-% TLAF families such as VX, (X = Cl, Br)
and ACrO, (A = Li, Cu, Ag) have been widely discussed
in this context, the larger interlayer couplings and/or very
strong in-plane couplings make the field range inaccessible
for observing such field-induced quantum phase transitions
experimentally [17,23].

Recently, rare-earth delafossite-type materials A'*R3*X,,
where A is a monovalent nonmagnetic ion, R is a rare-earth
ion, and X is a divalent chalcogen, have been proposed as
triangular QSL candidates [16,25]. Most of them crystallize
in the trigonal structures with R3m symmetry, where the
magnetic R*T ions form perfect triangular layers composed
of edge-shared RXg octahedra. These triangular layers are
separated by AXg octahedra along the crystallographic ¢
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direction. In contrast to the heavily explored rare-earth TLAF
QSL candidate YbMgGaO, [26-30], the ATYDB?X, delafos-
sites are free from the intersite disorder, which may obscure
the intrinsic properties of TLAFs [31-37].

A possible QSL ground state in NaYbO, is conjectured
based on the absence of magnetic ordering and spin freezing
down to 50 mK [25,38]. Here, we utilize a range of differ-
ent macroscopic and local techniques and elaborate on the
magnetic behavior of NaYbO,, including the peculiar field-
induced order that appears above 2 T. We first demonstrate
that at low temperatures the Yb** ions form effective spin-%
Kramers doublets due to the combined effect of CEF and
SOC. The ground-state doublet is separated from the first
excited state by a large energy gap of A ~ 320 K (27 meV) as
estimated from Yb ESR. The absence of magnetic long-range
order (LRO) down to 0.3 K at zero or small applied fields,
combined with the antiferromagnetic Curie-Weiss tempera-
ture of Ocw ~ —6 K, suggests a QSL-like ground state. Under
external magnetic fields, NaYbO, undergoes several magnetic
phase transitions that may be consistent with theoretical re-
sults for TLAF with small interlayer exchange interactions.
In particular, we argue that the unusual behavior of NaYbO,
arises from the proximity to an avoided antiferromagnetically
ordered state. LRO is melted in zero field due to the com-
bination of quantum fluctuations and exchange frustration,
whereas an applied magnetic field quenches the quantum fluc-
tuations and some of the exchange interactions and reinforces
the LRO. Therefore, NaYbO, may be seen as a critical QSL
due to the competition of weak magnetic exchange interac-
tions and quantum fluctuations, as well as a unique system
for exploring ground-state properties of TLAF with a strong
SOC.

Polycrystalline samples of NaYbO, were synthesized us-
ing a solid-state reaction method, and the sample quality
was confirmed by powder x-ray diffraction (for more details,
see the Supplemental Material [39]). Magnetization (M) data
were collected using a SQUID magnetometer (Quantum De-
sign, VSM and MPMS) and an ac/dc susceptometer (PPMS).
Studies below 2 K were performed using a *He cooling stage
(down to 500 mK) in the MPMS. Magnetization measure-
ments in pulsed magnetic fields up to 35 T and at 500 mK were
performed at the Dresden High Magnetic Field Laboratory
(HLD). Specific-heat (C,) measurements were performed on
a pellet by using a relaxation technique (PPMS; Quantum
Design) down to 350 mK. Electron spin resonance (ESR) ex-
periments were performed at the X -band frequency (9.4 GHz).
T -dependent nuclear magnetic resonance (NMR) experiments
were carried out by applying a pulsed NMR technique on
the 2?Na nucleus (nuclear spin / = %) using a commercially
available NMR spectrometer (Tecmag).

Figure 1(a) shows the T dependence of the magnetic
susceptibility x (7") of NaYbO,, measured at different applied
fields. Toward low temperatures, x (7") increases in a Curie-
Weiss (CW) manner. At low fields (H <2 T), the x(T)
data do not show any indication of magnetic LRO down to
0.5 K. Above 200 K, 1/x(T) can be well described using
x(T) = xo+ ﬁ, where xo is a T-independent contribu-
tion and the remaining term represents the CW law. Our fit
yields xo ~ 2 x 10~ cm?®/mol, a Curie-Weiss temperature
Ocw = —100 K, and an effective moment pes = 4.5ug. The
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FIG. 1. (a) T dependence of the magnetic susceptibility x(7')
of NaYbO, measured at different applied magnetic fields. The solid
line represents the high-temperature CW fit. The top inset shows the
low-temperature data along with the CW fit of x (T') at 0.1 T (after
subtracting o). Bottom inset: Inverse ESR susceptibility 1/xgsr
below 50 K along with the CW fit. (b) Zero-field specific-heat data
of NaYbO,, in comparison with the specific heat of the nonmagnetic
structural analog NaLuO,. The horizontal dashed line indicates the
Dulong-Petit value (DP). The inset shows the calculated magnetic
entropy as a function of temperature and the dotted line indicates the
expected high-temperature value of R In 2.

obtained parameters are consistent with the literature [25,40],
and u.sr agrees with the theoretical prediction (4.54ug) for
the Yb** ion having a 2F; /2 multiplet with g = 8/7.

A change of slope was observed in 1/ (T") below 100 K,
indicating an evolution toward the ground-state CEF doublet
with only a small intersite coupling. Below 25 K, 1/x(T)
could again be described by a Curie-Weiss law after sub-
tracting a constant term yo(~ 0.0065 cm?/mol), yielding
etr = 2.6up and Ocw = —6 K. Moreover, no indication of
LRO is detected down to 0.35 mK, which yields a frustration
parameter f(= 6cw/Tn) = 17. The obtained moment peg (=
g+/J(J 4+ 1)up) is reminiscent of an effective spin-% state
with an average g value of 3. Similar effective spin—% states
are also reported for the Yb**-based TLAFs NaYbS, [16] and
YbMgGaO, [14]. Atlow temperatures, we observed a large xo
value, which includes the Van Vleck susceptibility xvv, aris-
ing from CEF excitations [41]. Such a large low-temperature
xvv contribution is typical for Yb-based compounds
[16,42].
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FIG. 2. (a) Derivative of the ESR absorption line of polycrys-
talline NaYbO, at 20 K. The solid line corresponds to a Lorentzian
fit with powder-averaged uniaxial g-factor components. (b) 7 de-
pendence of the ESR linewidths AB with a fit (dashed line) toward
high temperatures, indicating the influence of the first CEF level on
the relaxation (see text). (c) Magnetization versus field for NaYbO,,
measured at 7 = 0.5 K. The red dotted line indicates the Van Vleck
contribution.

Zero-field specific heat, measured as a function of tem-
perature, is shown in Fig. 1(b). No signatures of magnetic
ordering were observed down to 0.35 K. The magnetic con-
tribution to the specific heat is obtained by subtracting the
lattice contribution, which is estimated by the specific heat of
the isostructural reference compound NaLuO,. The magnetic
specific heat C,, features a broad maximum at around 1.3 K
with CS:;;/R 2~ 0.21[39]. Below 1 K, Cpag (T') follows a linear
temperature dependence down to the lowest measured tem-
peratures. Such a linear low-temperature dependence is rather
unusual for 2D antiferromagnets, where magnon excitations
would give a quadratic 7 dependence [43]. On the other hand,
alinear low-T dependence is common among various types of
spin liquids [7,44,45]. As shown in the inset of Fig. 1(b), the
magnetic entropy from lowest temperature to 40 K is nearly
R In 2, as expected for an isolated Kramers doublet.

ESR provides information about the local magnetic prop-
erties of Yb>* in NaYbO,. The anisotropic g factor of a poly-
crystalline sample was determined by fitting a Lorentzian ESR
line with powder averaging and a uniaxial g-factor anisotropy.
As shown in Fig. 2(a), a narrow and well-resolved Yb-ESR
line could be observed, very similar to the line observed
for NaYbS, but quite different from the one reported for
YbMgGaO, [15,16]. In the latter compound, the averaged
values of gy = 3.06 and g, = 3.72 have been reported [15].
However, the Mg-Ga site disorder triggers off-center displace-
ments of the Yb*>" ions and leads to a distribution of the g
values that manifests itself in the strong broadening of both

the ESR line [15] and CEF excitations as probed by inelastic
neutron scattering [32].

In general, the ESR g factor accounts for the Zeeman
splitting of the lowest Kramers doublet of the Yb** ion, and
depends on the local site symmetry. The g values for NaYbO,
are found to be almost temperature independent, but strongly
anisotropic with g = 1.75(3) and g; = 3.28(8). The aver-
age g value, g,y = v/ (gﬁ +2g%)/3 = 2.86, yields an effective
moment of pugsg ~ 2.4up, which is in good agreement with
the value obtained from the low-temperature CW fit (2.64p).
The integrated intensity of the ESR line is proportional to the
local susceptibility. At low temperatures, 1/xgsg(7) yields
Ocw >~ —9 K, which is close to the low-temperature value
extracted from the 1/ (T) analysis.

Figure 2(b) shows the ESR linewidth, AB(T), which for
temperatures above 40 K is dominated by a broadening due
to both spin-orbit coupling and modulation of the ligand
field by lattice vibrations. The red-dashed line is the fit to
the data with AB o« 1/exp(A/T) — 1, which corresponds to
an Orbach process, namely, the excited CEF states at an
energy A above the ground state are involved in the relaxation
[46,47]. With a residual linewidth ABy = 15 mT we obtain
A >~ 320 K (= 27 meV).

The isothermal magnetization measured at 7 = 0.5 K for
magnetic fields up to 35 T, is shown in Fig. 2(c). It shows
two plateaulike anomalies at ~2 and ~5 T before reach-
ing full saturation. This is rather unusual for a 2D TLAF,
where one would expect a % plateau only. In NaYbO,,
such multiple magnetization plateaus may indicate possible
field-induced quantum phase transitions at low temperatures.
M (H) saturates nearly around 12 T and it linearly increases
further in higher fields due to the Van Vleck contribution.
The estimated Van Vleck contribution, xyvy =~ 0.01ug/T =~
0.0056 cm?/mol is comparable with the value obtained in the
low-T x(T) analysis. The value of the saturation magneti-
zation, My >~ 1.36up, is in good agreement with calculations
based on the ESR g value of g,, >~ 2.86 and J.i = %, which
leads to My = glegrup ~ 1.43us.

To gain more insight into the field-induced phases, we
measured x (T') and C,(T') at different magnetic fields. The
x (T') data measured at higher fields (H > 2 T) show a kink at
low temperatures, which confirms the field-induced magnetic
transitions (see Fig. S3 in [39]). They are much better visible
in the G,(T') data shown in Fig. 3. The application of an
external field of 2 T causes a magnetic transition at around
0.6 K, whereas no such transition was observed below 2 T.
As shown in Fig. 3(a), this field-induced magnetic transition
shifts toward higher temperatures with increasing magnetic
field up to 4 T, where the transition temperature reaches its
maximum at 7Ty; =~ 1.03 K. Further increase in the field results
in a decrease of Ty and triggers an additional feature, related
to a second transition at Ty, above 6 T. This kind of multiple
magnetic transition is not uncommon in TLAF with easy-axis
anisotropy [48,49]. As shown in Fig. 3(b), both transition
temperatures, Ty; and Ty, decrease with further increase of
the field.

We further used 2*Na NMR to probe the local static and
dynamic magnetism of NaYbO,. The »Na NMR powder
spectra, measured at 35 MHz, are shown in Fig. 4(a). At high
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FIG. 3. (a),(b) T dependence of the specific heat of NaYbO,
measured at different applied fields. Red asterisk marks and arrows
represent the magnetic transition and shift of the transition with
applied field. (¢) H-T phase diagram with four different phases.

The red circle corresponds to the NMR results at 3.1 T [35 MHz,
Fig. 4(c)]. FP indicates the field-polarized phase.

temperatures, the spectra exhibit a powder pattern typical for
the I = % nuclei with an anisotropic central line and two sym-
metric singularities, stemming from the first-order quadrupole
interaction. The spectra can be well described by the isotropic
and axially anisotropic NMR shift components Kjs, and Ky,
respectively, a quadrupole frequency vy > 456 kHz, and an
electric-field gradient asymmetry parameter = 0. The value
of vy is much larger than that observed in the isostructural
NaYDbS;, which might be due to the smaller ¢ parameter of the
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FIG. 4. (a) >*Na NMR spectra measured at 35 MHz for different
temperatures. (The vertical dotted line indicates the Larmor field,
BH; =3.107 T, and asterisks mark the ®Cu signal from the coil
used for the measurements at *He temperatures.) (b) Kis, and K, vs
x at ~3 T. The dotted and solid lines represent the fits at low and high
temperatures, respectively. (c) T dependence of 1/7; at two different
fields.

oxide compound. The line is shifted and monotonously broad-
ened with decreasing temperature, reflecting the anisotropic
cou3pling of the nuclear moments to the electron moments of
Yb't.

The T dependence of the NMR shifts Kjs, and K,x could
be extracted by consistently fitting these parameters to the
spectra, taking broadening of the central and satellite lines into
account [see the red solid line in Fig. 4(a)]. The T dependen-
cies of the NMR shifts are remarkably different from those
of x(T) [39]. In order to extract the transferred hyperfine
coupling constant Ay, Kiso, and K,x are plotted against the
x3 1 as shown in Fig. 4(b). The nonlinear dependence of K vs
x indicates a T-dependent transferred hyperfine coupling in
NaYbO0;. Kjy, and K, show linear dependencies with different
slopes below about 60 and above 140 K. The obtained high-
and low-temperature hyperfine coupling constants are 456
and —127 Oe/up for Kis, and 684 and 296 Oe/up for Ky,
respectively. The change in Ay around 100 K might originate
from the CEF splitting. At about 100 K, a depopulation of the
excited CEF states may change the effective moment and hy-
perfine coupling. Similar anomalous 7 -dependent hyperfine
coupling constants were also reported for other 4 f-based spin
systems [50,51]. The NMR line is significantly broadened
below 0.95 K, indicating the development of an internal field
that confirms the onset of magnetic order, in agreement with
our thermodynamic measurements.

The spin-lattice relaxation rate 1/7} « [25 |A(Zj)|2
x" (g, wo)] probes low-energy spin excitations, where A(g) is
the form factor of the hyperfine interactions as a function of
the wave vector ¢, and x” (g, wo) is the imaginary part of the
dynamic susceptibility at the nuclear Larmor frequency wy.
Figure 4(c) shows the T dependence of the **Na-spin-lattice
relaxation rate 1/7;, measured at 0.8 and 3.1 T. At high
temperatures, the overall temperature dependence of 1/7} is
not affected by the field. The increase in 1/7; upon cooling is
followed by a broad maximum at around 70 K, instead of a
T -independent behavior expected in the paramagnetic regime
for a system with local magnetic moments. This anomalous
behavior might be again attributed to the depopulation of
the excited CEF levels. After passing through the maximum
at 70 K, 1/T; decreases monotonously down to 3 K. At a
small field of 0.8 T, 1/7; passes through a minimum at 1 K,
followed by a strong increase toward low temperatures. This
indicates a divergence of the imaginary part of the dynamic
susceptibility (g # 0) on cooling and suggests some sort of
critical fluctuations. In strong contrast, at 3.1 T the 1/7; shows
a sharp anomaly at about Ty; 2~ 0.95 K, thus confirming the
field-induced magnetic transition. Below Ty, 1/7T; decreases
smoothly toward zero.

In the 1/7} measurements, the magnetization recovery is
fitted with a recovery function, which can provide information
about the nature of the underlying relaxation mechanism [39].
The coefficient 8 from a stretched exponential fit function is
constant above 2 K, indicating a homogeneous distribution of
fluctuating moments [39]. Below 2 K and at 3.1 T, B changes
and shows a dip at 7y, which is typical for strongly frustrated
low-dimensional spin systems [52-54]. In contrast, at 0.8 T
there is only a smooth change in 8, which might indicate the
onset of correlations among the Yb>* ions. At this point, it

180401-4



FIELD-INDUCED INSTABILITY OF THE QUANTUM SPIN ...

PHYSICAL REVIEW B 99, 180401(R) (2019)

is unclear whether these are antiferromagnetic correlations in
the vicinity of LRO, or if they are associated with a critical
precursor state before entering the QSL.

A quantitative estimate of the in-plane exchange inter-
action J can be made using the Heisenberg Hamiltonian
J Z(L ) S;S;, where the summation is over bonds, and positive
J stands for an antiferromagnetic coupling. On the mean-field
level, one expects the Curie-Weiss temperature of Ocw =
—zJS(S + 1)/3kg, where z is the number of nearest-neighbor
spins and kg is the Boltzmann constant. The number of nearest
neighbors in a TLAF is z = 6, so cw =~ —6 K results in an
antiferromagnetic exchange interaction of J/kg >~ 4 K. The
saturation for a purely 2D (J' = 0) TLAF is expected at H; =
4.5J ﬁ ~ 9.7 T, which is slightly below the observed value
of 12 T. This indicates the presence of an interlayer interaction
and/or of a second-neighbor interaction within the plane, both
contributing to H;.

Furthermore, the magnetic specific heat (Cpag) of NaYbO,
shows a rather broad maximum at around 2.1 K reaching
Cinag /R = 0.21. The magnetic specific heat is a direct measure
of quantum fluctuations. For example, in 2D antiferromagnets
Cinag /R is reduced from 0.44 in the nonfrustrated square
lattice [55,56] to 0.22 in the geometrically frustrated trian-
gular lattice [57,58]. Our result is thus very similar to the
theoretical one for the triangular geometry. Moreover, the
anticipated position of the maximum at 7/J = 0.55 (2.1 K
in NaYbO,) perfectly fits our data. It is worth noting that
Cnag of YbMgGaO, also shows a maximum around the
same temperature, but its magnitude is higher, whereas the
average nearest-neighbor coupling J ~ 1.4 K is lower than in
NaYbO,. Therefore, NaYbO, seems to be much closer to the
Heisenberg TLAF than YbMgGaO,.

Despite this proximity, NaYbO, does not show the transi-
tion toward the 120° ordered state expected in a Heisenberg
TLAF. Instead, we detect signatures of field-induced mag-
netic order that have not been observed in other Yb**-based
triangular-lattice magnets reported to date. In Fig. 3(c), we
present a comprehensive H-T' phase diagram, where four dif-
ferent phases (I-IV) may occur. Phase IV is the paramagnetic
phase, whereas phase I represents a fluctuating QSL-like state,
as reported by Liu ef al. [25]. Phases II and III represent
the magnetically ordered phases. This phase diagram suggests
that NaYbO, may be at the verge of a field-induced quantum

critical point, and indeed we observed signatures of critical
fluctuations in 1/7;. Further on, the NMR spectra measured at
~1 T show different shapes within phase II and phase III sug-
gesting that these are two different ordered states. Neutron-
diffraction work under external magnetic fields would be
highly desirable to understand the exact nature of these or-
dered phases.

In conclusion, we have studied the rare-earth triangular-
lattice QSL candidate NaYbO; in detail. The low-temperature
behavior of the Yb’* ions can be attributed to a spin-%
Kramers doublet, well separated from the first excited doublet.
The results of the >*Na NMR reveal increasing magnetic fluc-
tuations toward low temperatures and suggest that NaYbO,
may be a critical spin liquid in analogy to the critical Fermi
liquid. The instability of this tentative QSL state is observed
in higher fields, with two distinct ordered states forming
above 2 T. Upon applying magnetic fields, the fluctuations
are suppressed, and the system undergoes a quantum phase
transition. The observed anomalous temperature dependence
of the NMR shifts and spin-lattice relaxation rates are as-
cribed to CEF effects. Furthermore, thermodynamic proper-
ties are in agreement with theoretical predictions for spin-
% triangular-lattice Heisenberg antiferromagnets. Therefore,
NaYbO, could be a perfect model system for understanding
the spin-% magnetism with spin-orbit coupling in the trian-
gular geometry [12,13]. In addition, it features critical fluctu-
ations that deserve detailed investigations with local probes
such as muon spin rotation/relaxation or inelastic neutron
scattering.

Note added. Recently, we became aware of Ref. [59],
where NaYbO, was further investigated by neutron-
diffraction experiments.
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