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The interplay of magnetic correlations, crystal electric field interactions, and spin-orbit coupling in low-
dimensional frustrated magnets fosters novel ground states with unusual excitations. Here, we report the
magnetic properties and crystal electric field (CEF) scheme of a rare-earth-based square-lattice antiferromagnet
NdKNaNbO5 investigated via magnetization, specific heat, electron spin resonance (ESR), and inelastic neutron
scattering (INS) experiments. The low-temperature Curie-Weiss temperature θCW � −0.6 K implies net antifer-
romagnetic interactions between the Nd3+ ions. Two broad maxima are observed in the low-temperature specific
heat data in magnetic fields, indicating multilevel Schottky anomalies because of the effect of CEF. No magnetic
long-range order is detected down to 0.4 K. The CEF excitations of Kramers’ ion Nd3+ (J = 9/2) probed via INS
experiments evince dispersionless excitations characterizing the transitions among the CEF energy levels. The
fit of the INS spectra enabled the mapping of the CEF Hamiltonian and the energy eigenvalues of the Kramers’
doublets. The simulation using the obtained CEF parameters reproduces the broad maxima in specific heat in
zero field as well as in different applied fields. The significant contribution from Jz = ±1/2 state to the wave
function of the ground-state doublet indicates the role of strong quantum fluctuations at low temperatures. The
magnetic ground state is found to be a Kramers’ doublet with effective spin Jeff = 1/2 at low temperatures.

DOI: 10.1103/PhysRevB.110.144434

I. INTRODUCTION

Frustrated magnetism has been at the forefront of con-
densed matter research for decades since frustration compels
the spin systems to resist magnetic long-range order (LRO)
and to exhibit a variety of disordered ground states [1].
In a two-dimensional (2D) square lattice, frustration arises
because of competing nearest-neighbor (NN) (J1) and next-
nearest-neighbor (NNN) (J2) interactions along the edges and
diagonals of a square, respectively. Based on the frustration
ratio, α = J2/J1, a series of fascinating phases are predicted
theoretically for the spin-1/2 J1 − J2 model. The two most
exciting ones are quantum spin-liquid (QSL) and spin-nematic
phases that are predicted at the critical regimes α � ±0.5,
respectively [2,3]. However, to date, no experimental verifi-
cations of the existence of these phases have emerged. Most
of the frustrated square lattice (FSL) systems experimentally
realized so far are based on 3d transition metal ions, but
none of them fall within the quantum critical regimes [4–10].
Unfortunately, none of the compounds feature a perfect square
lattice, as the underlying crystal symmetries are lower than
tetragonal [11].

*Contact author: nbch@fysik.dtu.dk
†Contact author: rnath@iisertvm.ac.in

Recently, rare-earth (4 f )-based antiferromagnets (AFM)
with strong spin-orbit coupling (SOC) and crystal electric
field (CEF) interactions offer an alternate route to realize
exotic quantum phenomena [12]. In such systems, CEF is
typically weak compared to SOC and splits the spin-orbit en-
tangled ground state into different singlet and doublet states.
A system with an odd number of 4 f electrons (Kramers’ ion)
forms Kramers’ doublets and often behaves as an effective
spin-1/2 system at a temperature that is low compared to the
energy gap between the ground and first excited state doublets.
The CEF controls the single ion ground-state properties and
determines the size and anisotropy of the magnetic moment.
Further, from the wave functions of the CEF ground state
and excited states, one can extract information about the role
of quantum fluctuations, quantum tunneling, and anisotropic
spin interactions of the system [13–15]. For instance, if the
CEF ground state has significant |J, Jz〉 components with a
large |Jz|, quantum fluctuations are suppressed and classical
states are stabilized [13]. Here, J is the total angular mo-
mentum and Jz is the z component of the angular momentum
operator. On the other hand, if the CEF ground state has
significant |J, Jz〉 components with a small |Jz|, it would fa-
cilitate quantum tunneling and leads the system to host exotic
quantum phenomena, such as QSL [16,17]. Thus, in order
to understand the nature of the magnetic ground state, espe-
cially for rare-earth-based systems, it is essential to analyze
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FIG. 1. (a) A section of the NdNaNbO5 layer (square plane)
in the ab plane highlighting the interactions J1 (along the sides of
the square) and J2 (along the diagonals of the square). (b) Crystal
structure of NdKNaNbO5 projected in the bc plane that shows the
stacking of two adjacent layers along the c axis and their interlayer
connectivity via NbO5 and NaO5 square pyramids.

the CEF scheme. From the material perspective, while many
rare-earth-based frustrated magnets are studied [12,18–29],
systems featuring FSL have not yet received much attention
because of the unavailability of model compounds. Recently,
NaYbGeO4 is reported to be a distorted square-lattice com-
pound, showing magnetic LRO at 0.21 K [30]. Similarly,
another compound Bi2YbO4Cl displays a perfect square lat-
tice and does not order down to 0.09 K [31].

The family of compounds, LnKNaNbO5 (Ln = rare-earth)
exist with a tetragonal structure (space group: P4/nmm,
i.e., a perfect square lattice), without any structural dis-
order, making them favorable candidates to explore FSL
model. NdKNaNbO5 (NKNNO) belongs to the above fam-
ily where distorted NdO8 cubes are edge-shared with the
basal edges of NbO5 and NaO5 square pyramids and form
a layered structure in the ab plane, as depicted in Fig. 1(a).
Two adjacent NdNaNbO5 layers are interconnected via a
common apical oxygen of NbO5 and NaO5 units along
the c axis [see Fig. 1(b)]. K+ ions occupy the intersti-
tial space. In each layer, Nd3+ ions form a perfect square
lattice with NN exchange interaction (J1) arising through
Nd-O-Nd pathway while the NNN interaction (J2) oc-

curring via Nd-O-Nb-O-Nd or Nd-O-Na-O-Nd pathways
[see Fig. 1(a)] [32]. Nd3+ is a Kramers ion with 4 f 3 configura-
tion (L = 6, S = 3/2, J = 9/2, and Landé g factor g = 0.73)
for which one expects five doublets with quantum numbers
Jz = ± 1

2 , ± 3
2 , ± 5

2 , ± 7
2 , and ± 9

2 . The low-temperature mag-
netic and CEF properties of this compound have not been
studied yet. In this paper, we report a comprehensive study of
the low-temperature magnetic properties and CEF excitations
of Nd3+ in NKNNO by means of magnetization, specific heat,
electron spin resonance (ESR), and inelastic neutron scatter-
ing (INS) measurements. No conventional magnetic LRO is
detected down to 0.4 K. We could successfully model the INS
spectra using the CEF Hamiltonian and extract information
about the CEF energy levels. Finally, the specific heat calcu-
lated using the CEF parameters replicates the experimental
specific heat data.

II. SYNTHESIS AND METHODS

Polycrystalline samples of NKNNO and the nonmagnetic
isostructural compound LaKNaNbO5 (LKNNO) were syn-
thesized by the conventional solid-state reaction method.
Stoichiometric amount of Ln2O3 (Ln = Nd and La) (Aldrich,
99.9%), Na2CO3 (Aldrich, 99.9%), K2CO3 (Aldrich, 99.8%),
and Nb2O5 (Aldrich, 99%) were ground thoroughly inside
an Argon-filled glove box and pressed into pellets. Prior to
grinding, preheating was done at 1000

◦
C for one day for

Ln2O3 and at 120
◦
C for overnight for Na2CO3 and K2CO3.

The pellets of LKNNO and NKNNO were heated for several
hours at 760

◦
C and 800

◦
C, respectively with intermediate

grindings. In each intermediate grinding step, we added an
extra amount (5% excess) of Na2CO3 and K2CO3 to com-
pensate the loss of Na and K during the heating process.
The phase purity of the samples were checked by room-
temperature powder x-ray diffraction (XRD) measurement
using a PANalytical powder diffractometer with Cu Kα radi-
ation (λavg � 1.5418 Å) (see Fig. 2). Rietveld refinement of
the powder XRD patterns were performed using the FULL-
PROF software package [33], taking the initial structural
parameters from Ref. [32]. The refined atomic coordinates
are tabulated in Table I. The lattice parameters and unit
cell volumes (VCell) obtained from the refinement are [a =
b = 5.8032(3) Å, c � 8.2713(4) Å, and VCell � 278.5 Å3]
and [a = b = 5.7367(2) Å, c = 8.2422(1) Å, and VCell �
271.3 Å3] for LKNNO and NKNNO compounds, respec-
tively. These values are in close agreement with the previous
report [32].

Magnetization (M) as a function of temperature (T ) was
measured in the temperature range 0.4–380 K in different
magnetic fields using a superconducting quantum interference
device (SQUID) (MPMS-3, Quantum Design) magnetome-
ter. Isothermal magnetization (M vs H) was measured at
T = 0.4, 0.6, 1, 1.8, 3, and 5 K from 0 to 7 T. Measurements
below 1.8 K were performed using a 3He insert (iHelium3)
to the SQUID magnetometer. Temperature-dependent spe-
cific heat at different fields (0–9 T) was measured on a
sintered pellet in a large temperature range (0.4 K � T �
200 K) using the thermal relaxation technique in PPMS. A
3He insert to the PPMS was used to measure specific heat
below 2 K.
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FIG. 2. Room-temperature powder XRD patterns of (a) NKNNO
and (b) LKNNO. Black circles denote the observed intensity and the
red-solid line represents the Rietveld fit. Green small-vertical bars
at the bottom show the Bragg peak positions and the blue-solid line
represents the difference between observed and calculated intensi-
ties. χ 2 represents the goodness-of-fit of the refinement.

Electron spin resonance (ESR) experiments were per-
formed on the powder sample using a standard continuous-
wave spectrometer in the temperature range 3 K � T � 30 K.
We measured the power P absorbed by the sample from a
transverse magnetic microwave field (X -band, ν = 9.4 GHz)
as a function of an external static magnetic field. To improve
the signal-to-noise ratio, a lock-in technique was employed.
The final data were recorded as the derivative of the response

TABLE I. Structural parameters of (Nd,La)KNaNbO5 obtained
from the Rietveld refinement of the powder XRD data at room
temperature [structure: tetragonal; space group: P4/nmm (No. 129)].
Listed are the Wyckoff positions, refined atomic coordinates, and
occupancies of each atom for NdKNaNbO5 (upper lines) and
LaKNaNbO5 (lower lines).

Atom Wyckoff x y z Occ.
position

Nd/La 2b 0.75 0.25 0.5 1
Nb 2c 0.25 0.25 0.254(1) 1

2c 0.25 0.25 0.253(6) 1
Na 2c 0.25 0.25 0.761(3) 1

2c 0.25 0.25 0.751(3) 1
K 2a 0.75 0.25 0.00 1

2a 0.75 0.25 0.00 1
O1 8 j 0.017(5) 0.017(5) 0.317(9) 1

8 j 0.023(7) 0.023(7) 0.326(3) 1
O2 2c 0.25 0.25 0.024(2) 1

2c 0.25 0.25 0.019(2) 1

signal dP
dH as a function of the field. The ESR g factor was

calculated using the resonance condition, g = hν
μBHres

, where
h is Planck’s constant, μB is the Bohr magneton, ν is the
resonance frequency, and Hres is the corresponding resonance
field.

For the zero-field inelastic neutron scattering (INS) ex-
periment, we used the direct geometry time-of-flight (TOF)
spectrometer MARI at the ISIS Facility, Rutherford Appleton
Laboratory, United Kingdom. Powder samples with total mass
3.5 g of NKNNO and LKNNO were packed in an annular ge-
ometry inside Al cans, which were cooled using a top-loading
closed cycle refrigerator. Data were recorded at 6 and 200 K
using incident neutron energies Ei = 14, 40, and 100 meV and
Gd chopper frequency 400 Hz. The three configurations gave
elastic energy resolutions 0.3, 0.9, and 3 meV, respectively.
The raw data were processed using the Mantid software [34].

III. RESULTS

A. Magnetization

Figure 3(a) presents the temperature-dependent magnetic
susceptibility χ [≡ M/H] of NKNNO measured at μ0H =
0.05 and 1 T. No indication of magnetic LRO is observed
down to 0.4 K. The inverse magnetic susceptibility, 1/χ , in
the high-temperature region was well fitted by the modified
Curie-Weiss (CW) law

χ (T ) = χ0 + C

T − θCW
. (1)

Here, χ0 is the combination of temperature-independent core
diamagnetic (χdia) and Van-Vleck paramagnetic (χVV) sus-
ceptibilities. In the second term, C is the Curie constant and
θCW is the CW temperature. The CW fit for T � 100 K
yields χ0 � 5.14 × 10−4 cm3/mol, CHT � 1.63 cm3K/mol,
and θHT

CW � −66 K. From the CHT value, the effective mo-
ment μHT

eff [=
√

(3kBCHT/NA)μB, where NA is the Avogadro’s
number, μB is the Bohr magneton, and kB is the Boltzmann
constant] is calculated to be ∼3.61μB, which is close to the
expected value 3.62μB for a free Nd3+ ion. Here, the large
negative value of θHT

CW does not indicate the presence of strong
AFM interactions. It rather reflects the effect of CEF excita-
tions at high temperatures. At high temperatures, all Kramers
doublets get thermally populated and contribute to θCW.

At low temperatures, 1/χ changes its slope because of
depopulation of crystal field energy levels. A CW fit to
1/(χ − χVV) in the low-T (9 K � T � 22 K) region results in
CLT � 0.55 cm3 K/mol and θLT

CW � −0.6 K. The value of χVV

is obtained from the magnetization isotherm analysis (dis-
cussed later). The negative value of θLT

CW suggests a weak AFM
net interaction among the Nd3+ ions. The obtained CLT value
corresponds to an effective moment of μLT

eff � 2.1μB. The re-
duced value of effective moment [μeff = g

√
Jeff (Jeff + 1)μB]

at low-T s corresponds to pseudospin Jeff = 1/2 with g �
2.45, suggesting that the lowest Kramers’ doublet is the
ground state. As we shall see below, this g value matches with
the one obtained from the ESR experiments at low-T s.

In order to estimate the energy splitting between the
ground state and first excited Kramers’ doublets in the CEF
scheme, 1/χ (T ) was also fitted by the effective two-level

144434-3



S. GUCHHAIT et al. PHYSICAL REVIEW B 110, 144434 (2024)

FIG. 3. (a) χ vs T of NKNNO measured at μ0H = 0.05 and 1 T. (b) 1/χ vs T at μ0H = 0.05 T. The red dashed line is the high-T CW
fit and the solid blue line indicates the two-level CEF fit. (Inset) 1/(χ − χVV) vs T and the solid line is CW fit in the low-T region. (c) M vs
H at T = 0.4, 0.6, 1, 1.8 3, and 5 K. The dashed line represents a linear fit to the high-field data for T = 0.4 K. The solid lines represent the
Brillouin function fits with Jeff = 1/2 Nd3+ moment. (d) (M − MVV) vs μ0H/T to visualize the scaling of magnetization curves.

CEF expression [35,36]

χ (T ) = χ0 + 1

8(T − θCW)
×

⎡
⎢⎣μ2

eff,0 + μ2
eff,1e

(
− �

kBT

)

1 + e
(
− �

kBT

)

⎤
⎥⎦. (2)

Here, �/kB is the energy difference between the ground
state and the first excited CEF levels. μeff,0 and μeff,1 are
the effective moments of the ground state and first excited
CEF levels, respectively. The two-level CEF fit for T �
20 K yields χ0 � 7 × 10−3 cm3/mol, μeff,0 � 2.06μB/Nd3+,
μeff,1 � 2.2μB/Nd3+, �/kB � 18 K, and θCW � −0.32 K.
It should be noted that this is a simple two-level model fit
that neglects higher-lying Kramers doublets for a tentative
estimation of the energy difference between ground and first
excited states. Nevertheless, as we shall see the obtained χ0

matches with χVV and �/kB matches with the estimated gap
between the ground state and first excited state doublets from
INS data.

Isothermal magnetization curves (M vs μ0H) measured
at T = 0.4, 0.6, 1, 1.8, 3, and 5 K are shown in Fig. 3(c).
The magnetization at 0.4 K almost saturates in a low field of
around 2 T, which is consistent with the low θLT

CW value. A slow
increase of magnetization in higher fields can be attributed to
the Van-Vleck susceptibility (χVV). From the linear fit of the
curve in the high-field region (μ0H � 5.5 T), we obtained
a slope of around χVV � 0.0125 μB/T = 0.007 cm3/mol,
which was used in the low-T χ (T ) analysis presented above.
The fit is extrapolated down to zero field and from the

y-axis intercept, we obtained the saturation magnetization
MS � 1.24 μB, which points towards Jeff = 1/2 ground state
with g � 2.48. This value of g is also in close agreement with
the ESR results, which will be presented below.

Magnetic isotherms at slightly higher temperatures
(T > 1 K) can be modeled by the following expression [37]:

M(H ) = χVVH + NAgμBJeff BJeff (x). (3)

Here, BJeff (x) is the Brillouin function, which can be written
as BJeff (x) = (2Jeff +1)

2Jeff
coth[ (2Jeff+1)

2Jeff
x] − 1

2Jeff
coth( x

2Jeff
) and x =

gμBJeff H/kBT [38]. For this fit, we fixed Jeff = 1/2, χVV �
0.007 cm3/mol, and g � 2.47 (obtained from ESR). For high
temperatures (T = 1.8, 3, and 5 K), Eq. (3) fits well to the
isotherms while below 1 K, the fit deviates significantly from
the experimental data, signaling the emergence of magnetic
correlations. To illustrate this feature more clearly, we plotted
the Van-Vleck corrected M (i.e., M − MVV) vs μ0H scaled
with respect to the temperature in Fig. 3(d). For T � 1 K, all
the M − MVV vs μ0H/T curves collapse onto a single curve,
reflecting the paramagnetic nature of the spins. However, for
T < 1 K the curves show clear deviation from this pattern,
demonstrating the development of magnetic correlations on a
temperature scale comparable to the low θLT

CW value.

B. Specific heat

The temperature-dependent specific heat Cp(T ) of
NKNNO measured down to 0.4 K and in different applied
fields is shown in Fig. 4. In a magnetic insulator, the total
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FIG. 4. (a) Cp vs T of NKNNO measured in different applied magnetic fields. The blue-solid line represents the phonon contribution (Cph)
of the nonmagnetic compound LKNNO. The horizontal-dashed line stands for the Dulong-Petit value 3nR (n is the number of atoms per
formula unit). (b) Cmag vs T in different magnetic fields. The solid line is the Schottky fit using Eq. (4) to the 2 T data. (Inset) �I vs H along
with the linear fit. (c) Entropy change (�S) vs T in different magnetic fields. Inset: �S vs T associated with the broad maximum at T ∗∗ for the
2 T data. (d) Calculated CCEF vs T in different magnetic fields, as discussed in the text. The solid lines represent CCEF with contributions from
the ground state and first excited state doublets in the CEF scheme. The dash-dotted lines and open circles separately show the contributions
from ground-state excitations and excitations between the ground state and first excited states, respectively in zero field and μ0H = 2 T.

specific heat Cp(T ) is the sum of the lattice contribution
[Cph(T )], which dominates in the high-temperature region
and the magnetic part [Cmag(T )], which dominates in the
low-temperature region. We estimated Cph(T ) by measuring
the zero-field specific heat of the non-magnetic isostructural
compound LKNNO [see Fig. 4(a)] down to 2 K. The
low-temperature specific heat data of LKNNO is fitted by
βT 3 and further extrapolated down to 0.4 K. The estimated
lattice specific heat of LKNNO was scaled with respect to
NKNNO by taking the ratio of their atomic masses [39] and
then subtracted from the total specific heat of NKNNO. The
obtained Cmag(T ) at different fields is plotted in Fig. 4(b).

The zero-field Cmag shows a broad maximum at around
T 	 ∼ 9 K and an upturn at T < 1 K. The low-temperature
upturn can be attributed to the buildup of short range magnetic
correlations, since the value of θLT

CW is of the same order of
magnitude. With increasing field, the position of the high-
temperature maximum remains almost unchanged and another
broad maximum (T 		) appears at low temperature. The latter
peak shifts to high temperatures with increasing field. Both
peaks are also found to broaden with increasing field. In high
magnetic fields (μ0H > 6 T), the T 	 and T 		 peaks merge and
form a single broad high-temperature peak. Similar behavior
is reported for some Er3+ and Yb3+-based compounds and
ascribed to a multilevel Schottky effect due to the CEF levels

and their splitting in applied fields [40–42]. As discussed
later, the broad maximum at T 		 corresponds to the transition
between two Zeeman levels of the ground-state doublet while
the peak at T 	 represents the transitions between the ground
state and first excited state doublets as well as among the
excited state doublets [see Fig. 9(b) below].

The magnetic entropy [�S(T )] released at different fields,
estimated by integrating Cmag/T over the entire temperature
range is presented in Fig. 4(c). In zero field and 1 T, �S(T )
could not be estimated reliably as our measurements down
to 0.4 K could not reproduce the entire low-temperature
anomaly. However, at μ0H = 2 T where two broad max-
ima are distinctly visible, �S(T ) features a plateau with
�S ∼ 5.7 J mol−1 K−1 in the low-temperature regime be-
fore it attains a tendency of saturation to �S ∼ Rln4 ∼
11.5 J mol−1 K−1 (R is the universal gas constant) at high
temperatures. Indeed, the value of �S ∼ 5.7 J mol−1 K−1

matches with Rln2, expected for a Jeff = 1/2 system. This
further endorses that the ground state is governed by the
lowest Kramers’ doublet with Jeff = 1/2 [36]. The �S ∼ 12 J
mol−1 K−1 value at 50 K is still smaller than the expected
value for Nd3+ (∼Rln10 = 19.14 J mol−1 K−1) ion with
J = 9/2.

In order to further confirm the Jeff = 1/2 ground state, the
broad maximum at T ∗∗ in Cmag(T ) was fitted by the two-level
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FIG. 5. (a) g factor as a function of temperature for NKNNO.
(Inset) ESR spectra at T = 3 K. The solid line is a Lorentzian fit.
(b) Temperature dependent ESR linewidth (μ0�H ). The solid line is
the fit using Eq. (5).

Schottky function [38]

CSch(T, H ) = f R

(
�I

kBT

)2 e
(

�I
kBT

)

[
e
(

�I
kBT

)
+ 1

]2 . (4)

Here, f is the molar fraction of free spins contributing to the
Schottky anomaly and �I/kB is the energy gap between two
Zeeman levels of the ground-state Kramers doublet. The fit of
Cmag at 2 T in the temperature range 0.6–1.6 K yields f � 1
and �I/kB � 2.4 K. We then extrapolated the fit from 0.4 to
30 K, as shown in Fig. 4(b). The calculated entropy corre-
sponding to the maximum at T ∗∗ saturates to a value ∼Rln2
at around 6 K [see the inset of Fig. 4(c)], reflecting Kramers’
doublet ground state with Jeff = 1/2. The value �I/kB ob-
tained in different fields is shown in the inset of Fig. 4(b). As
expected, �I/kB varies linearly with field and a straight line
fit (�I = �0 + gμBH) [43] yields g � 2.3, consistent with the
ESR results. A fit using Eq. (4) to the second broad maximum
at T ∗ results in no change in the gap (�II ∼ 21 K) value with
field.

C. ESR

The results of ESR measurements on NKNNO are pre-
sented in Fig. 5. The inset of Fig. 5(a) illustrates a typical
ESR spectrum at T = 3 K. We fitted the spectra at different
temperatures using a powder-averaged Lorentzian line shape.
The fit reproduces the spectral shape very well at T = 3 K,
yielding an average low-temperature g-factor of g � 2.47.
As shown in Fig. 5(a), the g value decreases slowly with
increasing temperature and attains a constant value of 2.32
above 30 K. Figure 5(b) presents the ESR linewidth as a
function temperature. It depicts a broad maximum at ∼10 K

that matches with T ∗ observed in specific heat, mimicking the
crystal field excitations.

Below the broad maximum, the relaxation (�H) can be
fitted by [44]

�H ∝ 1

e�esr/kBT − 1
. (5)

Here, �esr/kB represents the energy gap in the CEF scheme.
This exponential behavior implies the spin-lattice relaxation
process is dominated by an Orbach process due to the CEF
[45]. Through SOC, this process involves a phonon absorption
to and emission from a CEF energy level. The fit in the
low-temperature regime (2.8–5 K) returns �esr/kB � 22.2 K,
which is consistent with the energy gap (2.1 meV) between the
ground and first excited doublets observed in the INS data.

D. Inelastic neutron scattering

Figure 6 presents the color plots of the INS spectra of
NKNNO and LKNNO measured using neutrons of incident
energy Ei = 40 meV at temperatures T = 6 and 200 K and
Ei = 14 meV at T = 6 K [46]. For NKNNO, we observed
a broad band of excitations around 20 meV, which are more
pronounced at low temperature (T = 6 K) than at elevated
temperatures and decrease in intensity with increasing Q, as
we shall show below. Furthermore, no low-Q excitations are
observed for the nonmagnetic analog compound LKNNO.
These observations are consistent with a magnetic origin for
the 20 meV excitation band in NKNNO. Given that the en-
ergy resolution for the chosen experimental setup is 0.9 meV,
which is smaller than the width of the excitation band, we
interpret it as arising from a group of closely spaced crys-
tal field excitation, each of which is dispersionless, because
CEF excitations are single-ion properties. In order to ex-
tract these high-energy CEF excitations from the background
due to phonon scattering, we subtracted the INS spectra of
nonmagnetic LKNNO in which the excitations are purely
phononic, from the spectra of NKNNO. Figure 7 depicts the
resulting phonon-subtracted INS spectra of NKNNO at T = 6
and 200 K. The intensity of the CEF excitations near 2 and
20 meV decreases with increasing Q (= | 
Q|), as expected
because of the magnetic form-factor [F (Q)] in the neutron
scattering cross section. We calculated F 2(Q) for Nd3+ ion
using the dipole approximation (see Appendix A for details
on the magnetic cross section and the magnetic form fac-
tor) and compared with the experimental INS intensity in
Fig. 8(a). The calculated intensity decreases monotonously
with increasing Q and reproduces the experimental data very
well at T = 6 K. The intensity of the CEF excitations fur-
thermore diminishes with rising temperature due to thermal
broadening and because of depopulation of the ground-state
Kramers’ doublet.

For a clear visualization of the CEF modes and to fit the
INS data, we created a 2D plot of intensity versus energy
transfer by integrating the phonon subtracted INS data in the
wave vector 0 � Q � 3 Å−1 regime, as shown in Figs. 7(c)
and 7(d) for T = 6 K and 200 K, respectively. The observed
strong signal at h̄ω = 0 meV corresponds to the quasielastic
neutron scattering. In addition, we observed four CEF excita-
tions for T = 6 K at around 2.3, 19.2, 20.9, and 22.6 meV
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FIG. 6. Raw INS spectra S(Q, ω) of (a), (b) NKNNO and (d), (e) LKNNO (intensity as a function of energy and momentum transfers) at
two different temperatures for Ei = 40 meV. The red arrows indicate the high-energy CEF excitations in the NKNNO spectra. Raw INS spectra
of (c) NKNNO and (f) LKNNO at T = 6 K for Ei = 14 meV. We note that for both these data sets, there is a feature at Q ∼ 0.37 (Å)−1 and
h̄ω ∼ 3 meV, which is ascribed to a spurious instrumental artefact. The red arrow marks the faint CEF excitations at around 2.1 meV, discussed
in the text.

with the 2.3 meV excited Kramers doublet appearing as a
weak but distinct shoulder on the dominant quasielastic sig-
nal [see inset of Fig. 7(c)]. There exists a weak low-energy
mode in the spectra obtained with Ei = 14 meV for which
the energy resolution is 0.3 meV [see Fig. 6(c)]. The inset of
Fig. 7(c) shows the low-energy peak cleanly separated from
the h̄ω = 0 peak. The momentum dependence of the low-
energy excitations shown in Fig. 8(a) confirms its magnetic
origin. In the low-temperature spectrum (T = 6 K), no peaks
are observed near −20 meV in the negative energy trans-
fer regions (reflecting transitions from excited state Kramers
doublet to the ground-state doublet) at low temperatures. On
the other hand, in the high-temperature (T = 200 K) spec-
trum, the increasing thermal population of excited CEF levels
implies that such transitions become allowed and are ob-
served as low-intensity peaks at negative energy transfers [47].
Figure 8(b) was produced using neutrons with higher incident
energy Ei = 100 meV and shows that at T = 6 K there are
no additional high-energy CEF transitions for energy transfers
up to h̄ω = 65 meV. Therefore, we used only the INS spectra
corresponding to Ei = 40 meV for the CEF analysis.

E. CEF analysis

The INS intensity versus energy transfer data can be ana-
lyzed using the CEF Hamiltonian. According to the Stevens
convention, the CEF Hamiltonian can be written as [48]

HCEF =
∑
l,m

Bm
l Ôm

l . (6)

Here, Ôm
l are the Stevens operators [48,49], which are related

to the angular momentum operators (see Appendix B). Bm
l are

the multiplicative factors called CEF parameters, which are
related to the electronic structure of the rare-earth materials
(see Appendix B). Here, the even integer l varies from 0
to 6 for f electrons and the integer m ranges from −l to
l . In NKNNO, Nd3+ ion has a C4v symmetric crystal field
environment, which indicates that only five CEF parameters
(B0

2, B0
4, B0

6, B4
4, and B4

6) are nonzero [49]. Therefore, the CEF
model Hamiltonian can be expressed as

HCEF = B0
2Ô0

2 + B0
4Ô0

4 + B4
4Ô4

4 + B0
6Ô0

6 + B4
6Ô4

6. (7)

As presented in Figs. 7(c) and 7(d), we fitted the 6 K and
200 K data simultaneously using the above CEF model with
the help of Mantid software [34,50]. For this fit, we used the
starting CEF parameters of the point-charge model where we
assumed that the surrounding ligands are electrostatic point
charges [49]. The obtained best-fit CEF parameters that deter-
mine the correct CEF Hamiltonian of this system are tabulated
in Table II.

Next, we diagonalized the Hamiltonian and obtained the
CEF energy eigenvalues of the compound. The obtained en-
ergy eigenvalues are 0, 2.11, 19.22, 20.92, and 22.7 meV,
corresponding to five doublets, as depicted in Fig. 9. The
peaks observed in the INS data at T = 6 K [Fig. 7(c)] corre-
spond to the transitions I, II, III, and IV, respectively between
the ground state and excited states [51].
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FIG. 7. INS spectra S(Q, ω) of NKNNO at (a) T = 6 K and
(b) T = 200 K, after subtracting the phonon scattering contribution
as discussed in the main text. The red arrow indicates the high-energy
CEF excitations. The INS spectral intensity as a function of energy
transfer at (c) T = 6 K and (d) T = 200 K, obtained by integrating
intensity in the low wave vector 0 � Q � 3 Å−1 regime. The arrows
point to the CEF modes (I, II, III, and IV). Black solid line is
the corresponding fit using the CEF Hamiltonian. Blue-solid line
represents the difference between the observed and fitted intensities.
Inset of (c): INS intensity vs energy transfer data at T = 6 K for
Ei = 14 meV after subtracting the phonon contribution. The arrow
marks the CEF excitations at around 2 meV.

From the CEF Hamiltonian [Eq. (7)], the wave func-
tions corresponding to all the Kramers’ doublets can be
expressed as

|ψk,±〉 =
mJ= 9

2∑
mJ=− 9

2

Ck,±
mJ

∣∣∣∣J = 9

2
, mJ

〉
. (8)

Here, Ck,±
mJ

are the weighted coefficients of the eigenstates.
The full list of energy eigenvalues and the corresponding co-
efficients (Ck,±

mJ
) of different eigenstates for NKNNO are listed

in Table III. The wave function of the ground-state doublet
(lowest-energy doublet) is obtained to be

|ψ0,±〉 = ±0.749

∣∣∣∣∓1

2

〉
∓ 0.045

∣∣∣∣±7

2

〉
∓ 0.661

∣∣∣∣∓9

2

〉
. (9)

TABLE II. Fitted CEF parameters for NKNNO.

Bm
l (meV) Values

B0
2 8.087×10−2

B0
4 –1.772×10−3

B4
4 –5.451×10−3

B0
6 –3.835×10−5

B4
6 1.766×10−3

FIG. 8. (a) Q dependence of INS intensity at T = 6 K, obtained
by integrating in the transfer energy range 19-23 meV and 1.5–3 meV
for the Ei = 40 meV data. The red-solid lines are the square of
magnetic form-factor [F 2(Q)] of Nd3+ ion. (b) The INS intensity
versus energy transfer spectrum of NKNNO with Ei = 100 meV at
T = 6 K, after subtracting the phonon part for the wave-vector range
0 � Q � 3 Å−1.

Similarly, one can obtain the wavefunctions of the higher-
energy doublets by inserting the appropriate coefficients from
Table III into Eq. (8).

In the absence of magnetic correlations, the thermody-
namic properties at low temperatures are expected to be
influenced significantly by the low-energy CEF excitations. In
NKNNO, because of a small energy gap between the ground
state and the first excited states, these CEF levels are expected
to dominate the low-temperature specific heat as observed in
NaYbSe2 [42] and KErTe2 [41]. To study the effect of CEF
excitations on specific heat, we calculated single-ion specific
heat [CCEF(T )] at different magnetic fields (see Appendix C)
using the energy eigenvalues in Table II and taking into ac-
count the Zeeman splitting of the CEF levels [see Fig. 9(b)].
Here, we have taken g � 2.47. The calculated results are pre-
sented in Fig. 4(d). In zero field, there is only one transition
from ground-state doublet to the first excited state doublet,
and the calculations yield a broad maximum in CCEF at around
∼9 K. The CEF contribution to the specific heat approaches
zero below about 2.4 K in contrast to the low-temperature
upturn observed in the experimental Cmag. This suggests that
the low-temperature upturn in zero-field Cmag originates from
spin-exchange interactions.

When the magnetic field is applied, the ground state and
the first excited state doublets split further and become a four-
level system. All the possible transitions between the energy
levels are shown in Fig. 9(b). The calculated CCEF results in
two broad maxima reproducing our experimental Cmag(T ). At
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TABLE III. Energy eigenvalues and the coefficients (Ck,±
mJ

) corresponding to different eigenstates of the CEF Hamiltonian for NKNNO.

E (meV) | − 9
2 〉 | − 7

2 〉 | − 5
2 〉 | − 3

2 〉 | − 1
2 〉 | 1

2 〉 | 3
2 〉 | 5

2 〉 | 7
2 〉 | 9

2 〉
0.00 –0.661 0 0 0 0.749 0 0 0 –0.045 0
0.00 0 0.045 0 0 0 –0.749 0 0 0 0.661
2.11 0 0 0 –0.764 0 0 0 –0.644 0 0
2.11 0 0 –0.644 0 0 0 –0.764 0 0 0
19.22 0 0.973 0 0 0 –0.117 0 0 0 –0.1982
19.22 –0.1982 0 0 0 –0.117 0 0 0 0.973 0
20.92 0 0 –0.764 0 0 0 0.644 0 0 0
20.92 0 0 0 –0.644 0 0 0 0.764 0 0
22.70 0 –0.225 0 0 0 –0.652 0 0 0 –0.723
22.70 –0.723 0 0 0 -0.652 0 0 0 –0.225 0

μ0H = 1 T, the low-temperature maximum at T ∗∗ ∼ 0.5 K
is caused by the transition between the Zeeman levels in
the ground-state doublet. The high-temperature maximum at
T ∗ ∼ 9 K can be attributed to the superposition of transitions
between the ground state and the first excited state doublets as
well as the transitions among the split excited state doublets.
With increasing field, the maximum at T ∗∗ moves towards
high temperatures while the one at T ∗ remains temperature
independent but with an increasing line broadening, consistent
with the experimental Cmag(T ) data. In Fig. 4(d), we have
also separately shown the contributions from excitations of
the Zeeman split ground-state doublet and superposition of
excitations among the Zeeman split ground state and first
excited state doublets at μ0H = 2 T to highlight that they cor-

FIG. 9. (a) Schematic representation of CEF excitation energy
levels (0, 2.11, 19.22, 20.92, and 22.7 meV) obtained from the zero-
field INS data. The arrows indicate the CEF transitions between the
states corresponding to the peaks observed in the INS data at T =
6 K. (b) Zeeman splitting of the ground and the first excited Kramers’
doublets. (c) Distorted NdO8 cube formed by Nd3+ ion that generates
CEF.

respond to the low-T and high-T broad maxima, respectively.
Please note that the remaining CEF energy levels (19.2, 20.9,
and 22.7 meV) are much higher in energy than the ground
state and first excited state. Therefore, the contributions from
these higher CEF levels are negligible within our measured
temperature range.

For a comparison with the experimental data, we made a
2D contour plot of CCEF(T, H ) and plotted T ∗ and T ∗∗ vs H in
Fig. 10. The magnetic field variation of T ∗ and T ∗∗ obtained
from the calculations match with that obtained from the ex-
perimental Cmag(T ) data. A small difference in the values of
T ∗ and T ∗∗ from the experiment and theory could be caused
by the presence of a weak magnetic exchange interaction
between the Nd3+ ions that is neglected in our calculations.

IV. DISCUSSION

We studied the ground-state properties of an unexplored
rare-earth-based FSL system NKNNO through thermody-
namic and INS measurements. The low-T value of θLT

CW �
−0.6 K indicates a weak AFM interaction between the

FIG. 10. 2D contour plot of CCEF with field and temperature. On
top of this plot, T ∗ and T ∗∗ obtained from the experimental Cmag

(symbols) [from Fig. 4(b)] and calculated CCEF (dashed line) [from
Fig. 4(d)] are shown.
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Nd3+ ions. The dipolar magnetic interaction of the system

is calculated to be Edip � μ0g2μ2
BJ2

eff
4πd3 � 0.015 K [52]. Here,

d = a/
√

2 � 4.05 Å is the distance between NN Nd3+ ions,
μ0 is the permeability of free space, Jeff = 1/2, and g � 2.47.
This value of dipolar coupling is about one order of magni-
tude smaller than θLT

CW, suggesting that the magnetic exchange
interaction dominates over the dipole-dipole interaction. No
magnetic LRO sets in down to 0.4 K possibly because of
the magnetic frustration and/or two-dimensional geometry
of the spin lattice. The magnetization and specific heat data
indicate that the ground state is pseudospin-1/2 (Jeff = 1/2).
Typically, for compounds with Jeff = 1/2 ground state, the
dimensionless ratio should have a value R ≡ ( μeff

μsat
)2 = 3. This

squared moment ratio for NKNNO in the low-T regime is
estimated to be Rexp � 3.06, which confirms that the lowest
Kramers’ doublet with Jeff = 1/2 is the ground state [53].
From the CEF energy diagram, the energy gap between the
ground state and first excited state doublets is found to be
about ∼25 K (∼2.1 meV). Hence, it is indeed expected that
below this temperature scale, the lowest Kramers’ doublet
with Jeff = 1/2 should be manifested as the ground state of
the compound.

As discussed above, the wave functions [Eq. (9)] of the
ground-state doublet are the linear combinations of |± 1

2 〉,
|± 7

2 〉, and |± 9
2 〉 states. The weight factors of |± 1

2 〉 and |± 9
2 〉

are found to be larger compared to that of |± 7
2 〉. Thus, the

obtained large coefficient of |± 1
2 〉 in the CEF ground-state

wave function implies that the raising (J+) and lowering (J−)
operators set a very high probability of quantum tunneling be-
tween these two states. At the same time, a significant value of
the coefficient of |± 9

2 〉 also indicates the classical nature of the
ground state. Nevertheless, the sizable contribution from |± 1

2 〉
to the ground-state doublet might facilitate strong quantum
effects in NKNNO and hence QSL at low temperatures. Our
findings are similar to that reported for the other rare-earth-
based magnets (Na,K,Cs)Er(S,Se)2 [16,54].

V. SUMMARY

We present the experimental study of an Nd3+-based FSL
compound NKNNO via magnetization, specific heat, ESR,
and INS measurements. It shows the development of magnetic
correlations below ∼1 K in zero field though no magnetic
LRO is detected down to 0.4 K, consistent with the low CW
temperature obtained from the χ (T ) analysis. Zero-field spe-
cific heat data manifest a single broad maximum at T ∗ � 9 K
because of CEF excitations and a low-temperature upturn,
reminiscent of magnetic correlations. An external magnetic
field suppresses the weak-magnetic correlations and produces
two broad maxima in the low-temperature regime, mimick-
ing the excitations among the Zeeman split low-energy CEF
doublets. INS experiments reveal transitions between the CEF
levels, enabling the fitting of CEF parameters to the energies
and intensities of these modes. The ground-state doublet has a
significant Jz = ±1/2 component in the wave function, which
indicates the strong quantum effects in this compound at low
temperatures. The small energy gap between the ground state
and first excited state of the CEF levels favours Kramers’

doublet with Jeff = 1/2 ground state at low temperatures,
consistent with the findings from magnetization and specific
heat data. Finally, using the CEF energy eigenvalues obtained
from INS and g value from ESR experiments we computed
CCEF(T ) in different fields, which reproduce the positions
of the broad maxima in experimental specific heat. This is
a clear demonstration of the effect of CEF excitations in
the low-temperature specific heat data. To determine whether
NKNNO develops magnetic LRO or displays more exotic
QSL or spin nematic behavior at T = 0, measurements at
temperatures lower than 0.4 K are required.
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APPENDIX A

The intensity recorded in a neutron scattering experiment
is simply the partial differential scattering cross section d2σ

dωd�

convolved with the instrumental resolution function. For a
powder sample, the contribution from CEF level transitions
from an initial state |ψi〉 of energy ECEF

i to a final state |ψ f 〉
of energy ECEF

f can be written as [47]

d2σ

dωd�
= k f

ki
S(Q, ω). (A1)

where ki and k f are the wave vectors of the incident and
scattered neutrons and the dynamic structure factor is given
by

S(Q, ω) = CF 2(Q)e−2W (Q)
∑

α=x,y,z

∑
i, f

pi|〈ψ f |Ĵα|ψi〉|2

× δ(h̄ω + Ei − E f ). (A2)

Here, C is a numerical constant, and the transitions between
the CEF levels are caused by angular momentum opera-
tors Ĵα (α = x, y, z) giving rise to peaks in the spectrum
when the neutron energy transfer to the sample En

i − En
f =

h̄ω equals the difference between CEF levels E f − Ei. The

factor pi = e− Ei
kBT /

∑
i e− Ei

kBT reflects the thermal occupation
probability for the initial CEF state. The factor F (Q) is
the magnetic form factor reflecting the spatial extent of
the spin density. In the dipole approximation [47], one can
write F (Q) = 〈 j0(Q)〉 + 2−gJ

gJ
〈 j2(Q)〉 = [

∑
i Aie−aiQ2 + D] +

2−gJ

gJ
[
∑

i A′
iQ

2e−a′
iQ

2 + D′Q2], where, Ai, A′
i, ai, a′

i, D, and D′

are the magnetic form factor coefficients. These coefficients
for Nd3+ ion are tabulated in Ref. [55]. Finally, e−2W (Q) is
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the Debye-Waller factor coming from the thermal motion of
the magnetic ion. At low temperatures, the thermal motion
of the ion is negligible. Therefore, one can neglect the Q
dependence of the Debye-Waller factor at low temperatures
[i.e., e−2W (Q) � 1].

APPENDIX B

Steven operators in Eq. (7) can be expressed in terms of
angular momentum operators J+, J−, and Jz as [56]

Ô0
2 = [

3J2
z − X

]
,

Ô0
4 = [

35J4
z − (30X − 25)J2

z + 3X 2 − 6X
]
,

Ô4
4 = 1

2 [J4
+ + J4

−], (B1)

Ô0
6 = [

231J6
z − (315X − 735)J4

z (B2)

+ (105X 2 − 525X + 294)J2
z − 5X 3 + 40X 2 − 60X

]
,

(B3)

Ô4
6 = 1

4

[
(J4

+ + J4
−)

(
11J2

z − X − 38
) + (B4)

(
11J2

z − X − 38
)(

J4
+ + J4

−
)]

. (B5)

Here, X = J (J + 1).

According to the point charge model, the CEF parameters
(Bm

l ) in Eq. (7) can be written as [34,57]

Bm
l = 4π

2l + 1
× |e|2

4πε0

∑
i

qi

rl+1
i

al
0〈rl〉Zm

l (θi, φi ). (B6)

where qi is the charge of the ith point charge, ri, θi, and φi are
the relative polar coordinates of the ith point charge from the
magnetic ion. a0 is the Bohr radius and 〈rl〉 is the lth order
expectation value of the radial wave function of the magnetic
ion.

APPENDIX C

Specific heat (CCEF) for a N level system can be written as

CCEF(N ) = Rβ2 1

Z2

N∑
j>i

(Ej − Ei )
2e−(Ei+Ej )β, (C1)

where R is the universal gas constant, β = 1
kBT , and

Z (= ∑
i e− Ei

kBT ) is the partition function. For NKNNO, in zero
field, the ground-state doublet is separated from the first ex-
cited state doublet by an energy gap � (∼2.11 meV). In the
presence of a magnetic field, these doublets are split into
four energy levels. Therefore, in the calculations shown in
Fig. 4(d), we have taken N = 4.
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