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Exploring potential quantum spin liquid state in a quasi-one-dimensional magnetic chain
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This paper presents a comprehensive investigation of NaYbTe,O; through a range of physical property
measurements. A detailed examination of its crystal structure uncovers the formation of quasi-one-dimensional
magnetic chains of Yb** ions along the b axis, with a substantial separation of approximately 6.3 A between
these chains. This unique arrangement of Yb ions positions NaYbTe, 7 as an ideal candidate for exploring one-
dimensional magnetism. Magnetic measurements confirm the absence of a long-range magnetic ordering down
to 0.4 K; however, they indicate the emergence of magnetic correlations below 1 K. The analysis of the inverse
magnetic susceptibility corroborates that the ground state can be described as a Kramers doublet, indicating
Jeir = 1/2. Our findings from magnetization measurements align with the results from temperature and magnetic
field-dependent heat capacity measurements, both of which suggest robust magnetic correlations among Yb>*
ions. Moreover, heat capacity measurements reveal no long-range magnetic ordering down to 0.285 K. The
assertion of these magnetic correlations is further reinforced by thermal conductivity measurements, which
confirm the scattering of phonons due to magnetic excitations at low temperatures. Considering the combination
of low dimensionality, J¢+ = 1/2, the absence of magnetic ordering down to 0.285 K, and the presence of strong
magnetic correlation below 1 K, we suggest that these results are indicative of a potential quantum spin liquid

(QSL) state in NaYbTe,O.
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I. INTRODUCTION

Low dimensional quantum magnets offer a compelling
platform for exploring systems governed by pronounced
quantum and thermal fluctuations [1]. In particular, significant
attention has been directed toward the one-dimensional
(1D) J;-J> quantum Heisenberg model, where an element of
frustration is introduced through the parameter J,. Theoretical
investigations of such systems have indicated that the
emergence of distinct quantum phases depends on factors like
a =J,/J;, applied magnetic fields, and axial exchange
anisotropy [2-5]. This model has found experimental
realization in a variety of compounds containing 3d elements,
including but not limited to Li,CuO, [6-8], LiCuSbO4
[5], SrCuO; [9], LiCuVO4 [10-12], Li,CuZrO4 [13], and
A>CuyMo30q; (A = Rb, Cs) [14,15]. Additionally, this model
has been explored in a selected group of rare-earth-based
compounds such as YbAIO; [16] and TbScO3 [17]. However,
the presence of large anisotropic orbital-dominated moments
favors Ising or XXZ types of interactions rather than
Heisenberg. Despite these assumptions, the Yb Kramers
doublets exhibit distinct behavior from classical Ising spins.
For example, the exchange processes among pseudospins
(Jefe = 1/2) within the same chain involve quantum-origin
spin flip terms, challenging the notion of their classical
behavior [16,18]. The investigation on rare earth compounds
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has unveiled unconventional quantum phases and the presence
of substantial anisotropic orbital-dominated moments, which
can lead to fractional quantum excitations [18].

The strong spin-orbit coupling (SOC) combined with lo-
calized electrons in the 4f orbitals of rare earth elements
makes these materials prime candidates for exploring strongly
correlated physics. In systems characterized by an odd number
of 4f electrons, the intricate interplay between the crys-
talline electric field and SOC assumes a central role in
resolving degeneracy, ultimately leading to the formation
of Kramers doublet states. This phenomenon holds signif-
icant promise for understanding and harnessing the unique
electronic and magnetic behaviors exhibited by these ma-
terials. The rare earth compounds containing Yb are of
particular interest as they have garnered significant attention
in the pursuit of realizing QSLs owing to their Jgr = 1/2
Kramers doublet ground state [19-21]. The low-dimensional
arrangement of Yb ions, e.g., 1-D chain, triangular lattice,
and kagome lattice, intertwined with the intricate interplay
of competing exchange interactions, set the ideal backdrop
for the emergence of the quantum spin liquid phenomenon.
Recent developments have highlighted several Yb-based
compounds, such as YbMgGaO, [22], NaYbO, [20], and
BasYb,Zns04; [21], as potential candidates for hosting quan-
tum spin liquid behavior within triangular or pyrochlore
magnetic lattices. In this context, we embark on a journey to
address the fundamental question of uncovering a QSL state
within a compound characterized by a quasi-one-dimensional
lattice.

©2024 American Physical Society
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FIG. 1. (a) Rietveld refinement of XRD data of NaYbTe,0;. (b) Crystal structure viewed along the a axis. (c) Projection of the one-
dimensional Yb chains along the b axis. (d) Possible exchange pathways between nearest magnetic ions.

II. EXPERIMENT

A polycrystalline sample of NaYbTe,O7 has been prepared
by using Na,CO3, Yb,03, and TeO, as starting materials.
Before mixing the starting materials in a stochiometric mix-
ture, Na,CO3 was preheated to 373 K to remove the moisture,
and Yb,O3 was preheated to 1173 K before weighing. The
mixture was initially heated to 873 K at a constant ramping
rate of 5 K/min to avoid sodium loss through evaporation
and kept at the same temperature for 12 hrs. Finally, the
mixture was pelletized and heated to 993 K for a pure phase.
The synthesized sample has been characterized further on a
PANalytical Empyrean Alpha I diffractometer using Cu-Ko
single wavelength (A = 1.54059 A). The magnetic properties
of the compound have been explored using a magnetic proper-
ties measurement system (MPMS) of Quantum Design, USA.
Further, magnetization was measured down to 0.4 K using
a 3He (iHelium3, Quantum Design Japan) attachment to the
MPMS. The physical properties measurement system (PPMS)
of Quantum Design, USA, has been utilized to perform heat
capacity, ac magnetic susceptibility, and thermal conductiv-
ity measurements. For thermal conductivity measurements,
the sample was cut into a rectangular shape of the dimen-
sions 1.3 x 2.9 x 6.3 mm? and a four probe measurement
technique is used. The elemental mapping was performed us-
ing the ZEISS Gemini Scanning electron microscope (SEM).
Ultralow temperature heat capacity was measured in an Ox-
ford Kelvinox-400MX dilution refrigerator with relaxation
calorimetry. A 9.07 mg of the platelike polycrystalline sample
was loaded on the sample platform with Apizon-N grease to
increase the thermal conductance between the sample and the
platform. The two-tau model was used to analyze the data.

III. RESULTS AND DISCUSSION

A. Crystal structure

The atomic arrangement in the unit cell has been de-
termined through Rietveld refinement of the XRD pattern
using Jana software [23], and the refined pattern is shown
in Fig. 1(a). The close match between the experimental
data and the simulated pattern confirmed the phase purity
and established that this compound crystallizes in the P2, /n
space group, which is isostructural with NaYTe,O7, having
tellurium in two different oxidation states, (Te**, Teft) [24].

The crystal structure obtained from the Rietveld refinement
is shown in Fig. 1(b), and the structural parameters are
given in Table S1 [25]. In this structure, Te®t Q4 octahedra
and Te*'O, dispheniods form a two-dimensional layer of
[Te,0;]* stacked along the [1 0 1] direction. A close crystal
structure analysis reveals that the YbO; polyhedra share an
edge through O5 and O7 to form a one-dimensional chain
along the b axis, as exhibited in Fig. 1(c). Moreover, en-
ergy dispersive spectroscopy analysis reaffirmed the chemical
composition of the sample as exhibited in Figs. S1, S2, and
Table S2 of the Supplemental Material [25]. The intrachain
distance between Yb>* jons is 3.762 A compared to the
interchain distance of 6.271 A, indicating that the magnetic
properties are dominated by intrachain exchange interactions.
There are two possible pathways for superexchange inter-
action, one through Os and the other through O, featuring
different bond angles (Yb-O5-Yb = 113.0°, Yb-O7-Yb =
107.0°) which change their position alternatively similar to
LiCuSbOy [5], as shown in Fig. 1(d). The value of exchange
parameters through these paths should be sensitive to bond an-
gle values, as reported for similar magnetic lattices [5], where
a subtle change of two degrees can influence the exchange
parameters significantly, as reported earlier [26]. Further, frus-
tration is enhanced by the anisotropic nature of the exchange
interactions and may lead to a QSL state [27]. Given these
compelling structural properties, further exploration of its
magnetic ground state holds significant promise.

B. DC magnetization

To investigate the magnetic behavior of this compound,
the dc magnetic susceptibility has been measured from 300
to 0.4 K by following the zero-field-cooled (ZFC) and field-
cooled (FC) protocols, and the results are depicted in Fig. 2(a)
and its inset. It is evident from this figure that there is no
long-range magnetic ordering down to 0.4 K. After removing
the Van Vleck contribution (xyy = 6.47 x 1073 emu/mol-
Oe, estimated from the slope of the linear fitting of isotherms
at higher magnetic fields) from the inverse susceptibility data,
two different linear regions have been observed, as shown
in Fig. S3(a) of the Supplemental Material [25]. Analysis of
the inverse susceptibility in the high-temperature (HT) region
(125-300 K) gave Ocw = —59.81 K and an effective param-
agnetic moment (fesr) value of 4.65 wg/f.u., which is in close
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FIG. 2. (a) Temperature dependence of dc magnetic susceptibility performed under ZFC and FC protocol down to 2 K. Inset shows the
variation down to 0.4 K. (b) Isothermal magnetization curves measured at different temperatures along with the Brillouin fits represented by
solid lines. The black dashed line accounts for the Van Vleck contribution. Inset shows the zoomed version of the fitting in the low-field region.

agreement with the theoretically expected value for Yb>* ions
(J =7/2,4f" configuration). The Curie constant can be used
to calculate the Lande factor (g) as C = w, where n
represents the number of free spins per formula unit, Wp is
Bohr magneton, and kg is Boltzmann constant by assuming
that there is no interaction among Yb** ions at room tem-
perature. The value of g comes out to be 1.17, which is very
close to the theoretically expected value, 1.14. The fitting of
the low-temperature region (2-50 K) results in a reduced value
of pese ~ 3.58 pp/fu and Oy = —1.49 K. Reduction of J
value also results in the suppression of the Ocy values. A qual-
itative alignment between the observed and effective magnetic
moments of Yb*>" ions at room temperature coupled with the
reduced value of the magnetic moment as the temperature is
lowered indicates that Yb** ions have Kramers doublet as
the ground state [28-30]. The crystal electric field affects the
eightfold degenerate states (for J = 7/2) of Yb** ions and
splits them into four Kramers doublet, as observed for other
Yb compounds [19-21]. For the LT region (Je = 1/2), the
value of g comes out to be 4.12, which is very close to the
g value calculated from isothermal magnetization data (~ 4).
The Curie constant is no longer temperature dependent as the
higher Kramers doublets also contribute, and considering the
temperature range of measurement, it is sufficient to consider
only the first excited Kramers doublet. A two-level approxi-
mation of the Curie-Weiss model can be expressed as [31,32]

1+ exp_k%g

1/x = 8.(T — Ocw). . (D

2 2 -
Meir,o T Mg, 1 -€XP 12

where 2y, and pu2; , stand for effective moments in the
crystal field ground state and first excited state while Ejo
denotes the energy separation between the ground and first
excited states. Figure S3(b) of the Supplemental Material
[25] represents the fitting of the inverse susceptibility data
and gives Ejp ~ 267 K, which further confirms the Kramers
doublet ground state at lower temperatures.

To examine the high-field magnetism of the compound at
low temperatures, we have carried out the isothermal magne-
tization measurements at three different temperatures, 0.4, 1,
and 1.5 K, by gradually varying the magnetic field from +7 T
to —7 T. Figure 2(b) depicts the variation of isothermal mag-
netization curves in the first quadrant. The magnetic isotherm
within the paramagnetic state of a compound can be described
by M(H) = xvwH + gleitNapgpB,,;(H), where B, (H) is the
Brillouin function [33]. The deviation of magnetization data
from the fit below 1 K suggests the development of magnetic
correlations [34-36]. The slope of the high-field linear behav-
ior of the magnetization curve at 0.4 K gives the Van Vleck
contribution. After subtracting the Van Vleck contribution, the
magnetization curve becomes saturated above 2 T. Further-
more, temperature-dependent ac susceptibility measurements
have been carried out at the different frequencies of a small ac
magnetic field (H,. = 10 Oe) to rule out possible glassiness.
Figure S4 of the Supplemental Material [25] demonstrates the
absence of a glassy state down to 2 K. Hence, a preliminary
magnetic investigation reveals the development of magnetic
correlations below 1 K.

C. Heat capacity

Heat capacity measurement carried out from 100 to
0.285 K in the absence of a magnetic field is shown in
Figs. 3(a) and 3(b), and fitting of the data with the Debye-
Einstein model is shown by the solid line. Please note that the
compound is highly insulating in the measured temperature
range. To access the change in magnetic entropy, removing
the lattice contribution from the total heat capacity becomes
necessary, which can be estimated using the Debye-Einstein
model. This model considers that the sum of acoustic and
phonon modes equals the total number of atoms present in
the primitive cell (for NaYbTe,O7, it is 11). Further, the rela-
tive weights of acoustical and optical modes are taken in the
ratio of 1:n-1, where n is the total number of atoms. So, this
compound has three acoustic modes and 30 optical phonon
modes. The three acoustic modes have been described using
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FIG. 3. (a) Fitting of the heat capacity data measured in the absence of the magnetic field with the Debye-Einstein model. (b) Temperature
dependence of heat capacity below 1 K and fitting with power law. (c) Temperature dependence of heat capacity data measured under different
magnetic fields. The inset shows the variation in low-temperature regions. (d) Entropy calculated from magnetic heat capacity down to 0.285 K.
Inset shows the temperature dependence of magnetic entropy calculated down to 2 K in the presence of different magnetic fields.

one Debye term, and three Einstein terms have been used to
describe the optical modes. To reduce the free parameters and
minimize the experimental errors, several optical modes are
grouped [37]. The Debye-Einstein model for this system can
be expressed as follows [38,39]:

c _ 9aR /‘
D—E )C?) o (

where xp g =6p /T, 6p and 0 are Debye and Einstein
temperatures, respectively, and R is the universal gas constant.
The coefficients a and b; stand for the contributions from
acoustic and optical phonons, respectively. The values of these
weight factors are constrained in such a way that they add
up to the total number of atoms in the unit cell (In this case,
a=1,by =1, b, =3, and b3 = 6). Here, b; corresponds to
Te vibrations, b, stands for Na™ and O?~ motion, and b3
represents the contribution from remaining 6 O>~ atoms. We
could confine the flexible Debye-Einstein model to a physi-
cally reasonable fit using these considerations.

The absence of a A-like anomaly confirms that there is no
long-range magnetic ordering down to 0.285 K. However, a

3
be e'ri
———dx+3R )
x+ Z (exb 1)2

broad peak around 0.55 K may be related to magnetic ex-
citations or a weak splitting of degenerate Kramers doublet,
which may arise due to local strain on the Yb site [40]. The
magnetic contribution below 0.55 K could be fitted well with
a power law (C,, ~ T") with n ~ 2, as shown in Fig. 3(b).
A similar power law dependence has been observed for
other Yb compounds and indicates the presence of a gapless
ground state [20,41,42]. A gapped spectral function [C,, ~
exp(—A/T)] could not fit the data, indicating that the broad
anomaly is likely due to magnetic excitations. Figure 3(c)
depicts that this anomaly moves toward higher temperatures
with an increase in the magnetic field, which manifests the
Schottky anomaly and rules out possible short-range magnetic
ordering. The Schottky anomaly appears due to the split-
ting of ground state Kramers doublet in an applied magnetic
field (Zeeman splitting), as observed for other Yb compounds
[35,43]. The magnetic entropy has been estimated by subtract-
ing the phononic contribution, and its temperature dependence
is shown in Fig. 3(d). A comparison of the calculated magnetic
entropy with the theoretically expected value for Jog = 1/2
unveils that ~35% of the magnetic entropy is still embedded
into the system below 0.285 K. The saturation value of the
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FIG. 4. (a) Variation of Schottky contribution with temperature and its fitting with the two-level model equation. (b) Linear fitting of A
(left axis) values calculated from the CEF fitting and variation of n values with the magnetic fields

magnetic entropy increases with an increase in magnetic field
and approaches around R/n2 above 5 T, as shown in the inset
of Fig. 3(d). A slightly lower saturation value of the magnetic
entropy than R/n2 indicates that a smaller fraction of the spins
are randomly oriented.

In the presence of a magnetic field, total heat capacity can
be written as C(T,H) = C(T,0) + Csx(T, H). Hence, the
Schottky contribution can be probed by subtracting the zero
field heat capacity from the total heat capacity measured un-
der finite magnetic fields. Considering Jei = 1/2 (two-level
system), Schottky anomaly can be expressed as [44—46]

Con(T, H) = nR<A> [ exp(A/T) o

T2 )1 +exp(A/T)*

where n represents the number of free spins per formula unit,
R is the universal gas constant, and A determines the spac-
ing between two levels. A has a magnetic field dependence
which can be expressed as [45-48] A(H) = gupHes/ks,
where Hep = «/HO2 +H 12 which implies that Heis = Hp in the
absence of the external magnetic field (H; = 0). Figure 4(a)
exhibits the fitting of Schottky contribution data at different
magnetic fields. We observed that the Schottky contribution
for H > 5 T could not be fitted well with a two-level model,
and the inclusion of the third or fourth level is required. The
variation of the fitted parameters with the magnetic field is
shown in Fig. 4(b). The intercept of the linear fit of crystal
field energy gives its value at zero field, A(0) ~ 1.51 K.
A finite value of A(0) originates from the development of
Yb**-Yb?* correlations [35,36,43]. In the case of n, it first
increases up to 5 T and then exhibits a saturation behavior,
suggesting that the energy levels are split by the magnetic
field and around 86% of the spins are excited to higher energy
levels. The fraction of spins excited to higher levels in the
presence of a magnetic field matches exactly with the amount
of the magnetic entropy recovered (~86%), as depicted in
Fig. 3(d). The value of Lande g factor comes out to be ~3.27
considering the relation A(H) = gupHef/kp [taking A(H) =
19.78 K for H =9 T].

D. Thermal conductivity

Considering the presence of Schottky anomaly in the heat
capacity measurements, measuring thermal conductivity will
be more helpful as it does not respond to localized entities
responsible for Schottky anomaly but is only sensitive to the
itinerant excitations [49]. Heat is transported mainly by acous-
tic phonons and magnetic contributions for low-dimensional
magnetic systems [50,51]. Figure 5(a) exhibits a broad feature
in k /T data centered around 20 K where phonon contribution
dominates the thermal conductivity. This feature has been
observed for many systems [52,53] and can be explained by
the Callaway model of thermal conductivity [54], according
to which a decrease in phonon population with a decrease in
the temperature and an increase in phonon mean free path
in a finite-sized sample can result in such a feature. Fig-
ure 5(b) shows the fitting of the zero field /T data with
k/T =a+ bT2~!, where the first term represents electronlike
contribution (for insulators, it should be zero) and the second
term is responsible for the phononic contribution. The fitting
results in 73 dependence of the thermal conductivity, which
confirms the diffuse scattering of the phonons and rules out
the presence of the specular scattering. Further, a finite value
of a under 0 T and its magnetic field dependence (as shown in
Table I) indicates the presence of magnetic excitations in the
system. Moreover, the value of o decreases with an increase
in the magnetic field (all the fittings shown in Fig. S5 of the
Supplemental Material [25]), manifesting that the spins are
getting ordered and contributing toward thermal resistance

TABLE I. Magnetic field dependence of a and o parameter.

H (T) a (W/ K*m) o

0 0.00958 3.0843
1 0.01052 3.1788
3 0.01167 2.6685
5 0.00898 2.7696
7 0.00748 2.4631
9 0.00786 2.5823
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(although very small). The magnetic field dependence of « is
consistent with the magnetic entropy values, further support-
ing our claim of magnetic excitations.

IV. CONCLUSION

In conclusion, we have undertaken a comprehensive char-
acterization of a quasi-one-dimensional magnet, NaYbTe, O,
employing various magnetic and thermodynamic mea-
surement techniques. This unique material features well-
separated, one-dimensional zig-zag magnetic chains of Yb**
ions along the b axis, presenting an ideal platform for in-
vestigating one-dimensional magnetic properties. Our DC
magnetization measurements have notably demonstrated the
absence of long-range magnetic ordering down to tempera-
tures as low as 0.4 K, despite antiferromagnetic interactions
suggested by a higher 6cy value. Analyzing the low-
temperature region of the inverse susceptibility has allowed us
to identify the ground state as the Kramers doublet with J =
1/2, signifying the strong spin correlation evident in the slight
deviation of low-temperature magnetic isotherms from the
Brillouin function. Furthermore, our heat capacity measure-
ments exhibited no lambda-like anomaly down to 0.285 K,
and the magnetic field dependence of these measurements
has revealed a discernible crystal electric field, reinforcing

the Yb**-Yb>* correlations. The presence of the Schottky
anomaly further confirms the Zeeman splitting, while thermal
conductivity measurements have unveiled the existence of
magnetic excitations in the system. Considering these collec-
tive findings, and the anisotropic and bond-sensitive nature
of the exchange interactions between Yb** ions, NaYbTe,0;
holds promise as a potential candidate for a gapless quantum
spin liquid. To delve deeper into its properties, sub-Kelvin
investigations using local probes, such as @SR and inelastic
neutron scattering, are warranted.
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