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The interplay between the quantum effects from low-dimensionality and the spin-orbit coupling leads to exotic
ground states with unusual excitations. We report the structural, magnetic, heat capacity, and electronic structure
studies of Bi, YbO,Cl, which constitutes a structurally perfect 2D square lattice with rare-earth magnetic Yb**
ions. The magnetization and heat capacity data analysis confirms that the Yb>" ion hosts the spin-orbit driven
Jett = % state at low temperatures. From the fit to the Curie-Weiss law on the magnetic susceptibility data in the
low-temperature region, the observed Curie-Weiss temperature is about —1 K, implying an antiferromagnetic
(AFM) coupling between the Yb*t moments. The heat capacity data show the presence of a broad maximum
at 0.3 K and the absence of any sharp magnetic anomaly down to 0.09 K, indicating the onset of short-range
correlations. Our first-principles calculations based on density functional theory provide further insight into the
role of the microscopic parameters. In particular, it points out the crucial role of spin-orbit coupling in driving
both the Jo = % state as well as the antiferromagnetic interaction between the nearest-neighbor Yb** moments
that is consistent with experimental results. The total energy calculations suggest an easy-axis (out-of-plane)

anisotropy of the spins.
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I. INTRODUCTION

Low-dimensional quantum magnetism has been an excit-
ing research area since the discovery of high-temperature
superconductivity (HTSC) in a hole or electron-doped two-
dimensional (2D) copper-based Heisenberg antiferromagnetic
(HAFM) square-lattice oxide ceramics [1]. The fundamen-
tal aspects of low-dimensional quantum magnetism are quite
interesting due to the presence of substantial quantum fluctua-
tions, which lead to novel quantum ground states and unusual
excitations [2]. The Mermin-Wagner theorem states that no
magnetic long-range order (LRO) can be stabilized at fi-
nite temperature in the isotropic low-dimensional Heisenberg
model system [3]. The quantum fluctuations decay generally
while increasing the dimensionality from one dimensional
(1D) to three dimensional (3D). The 2D systems with moder-
ate levels of quantum fluctuations show interesting quantum
phase transitions [4]. Among the diverse 2D spin systems,
the S = % 2D square lattice has piqued the curiosity of re-
searchers due to the possible connection with the HTSC.
A few classes of 2D square-lattice materials, such as iron
pnictides, tellurides, selenides, and nickelates, host the HTSC
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under perturbations such as doping, pressure, etc. [5—8]. How-
ever, the cuprates still hold the highest 7. record at ambient
pressure, which makes the research on S = % 2D HAFM
square lattice still an exciting prospect on both the theoretical
and experimental fronts of condensed matter.

The S = % HAFM square lattice exhibits Néel LRO in
the ground state at 7 = 0 K with a reduction of about 40%
of the staggered magnetic moment due to the influence of
quantum effects [9]. The 2D square lattice exhibits resilience
to the LRO at 7 > 0 K due to the presence of substantial
thermal and quantum fluctuations. A few famous experimental
realizations for the 2D square-lattice materials that exhibit
the magnetic LRO are La,CuO4 [10,11], and Sr,CuO,Cl,
[12,13], owing to the non-negligible interlayer interactions.
Experimentally, the deconfined fractional quasiparticles were
detected at high energies in other § = % 2D square-lattice
materials [14-17]. Subsequently, several theoretical models
based on HAFM square-lattice systems were formulated to
investigate numerous exotic states, such as resonant valance
bond (RVB) or quantum spin liquid (QSL) [18-20]. Interest-
ingly, the anisotropic nature of the spin changes the excitation
spectrum with quantum entanglement features [21].

On the other hand, rare-earth magnets exhibit fascinat-
ing properties owing to their substantial spin-orbit coupling
(SOC). Especially the Yb** ion, which holds a Je = % state
due to SOC and crystal electric field (CEF) effects [22]. The
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anisotropic nature of magnetic exchange couplings between
Yb3* ions in the compounds often leads to many exotic
ground state properties such as the realization of quantum
spin ice in pyrochlore materials [23-26], and Tomonaga-
Luttinger liquid behavior in spin-chain magnets with spinon
confinement-deconfinement transitions [27]. The Yb-based
honeycomb magnets are being explored as potential candi-
dates to host Kitaev spin liquids [28-31]. Remarkably, the
Yb3*-based 2D triangular lattice materials with isotropic
nearest-neighbor (NN) interaction have also received signif-
icant attention. While the 2D HAFM triangular lattice model
predicts a 120° Néel LRO at T = 0 K [32,33], the quantum
spin-liquid (QSL) ground state has been identified exper-
imentally in the compounds with 2D triangular networks
YbMgGaO,, NaYbO,, NaYbSe,, etc., possibly due to the
presence of anisotropic interactions [34-37]. In the case of
the HAFM S = % square-lattice model, the system exhibits
Néel LRO in the ground state at T = 0 K [15,38]. Compared
to the 2D honeycomb and triangular magnets, the antiferro-
magnetism is expected to be robust in the case of square
lattice due to the lack of Kitaev-type anisotropic and frustrated
interactions, respectively. Studying the effect of SOC in a 2D
square lattice with Jeg = % moments is thus an interesting
fundamental problem in condensed matter physics. Recently,
a 2D distorted square-lattice compound NaYbGeQOy4 has been
investigated, showing a sharp magnetic transition at 0.21 K,
and it is also noticed as the candidate material for the adia-
batic demagnetization refrigeration at low temperatures [39].
Further, exploring the rare-earth magnetic material with a per-
fect 2D square-lattice magnetic system would be intriguing.
For this purpose, the potential compound with a structurally
perfect 2D lattice is identified for studying the SOC effects on
the ground state.

In this paper, we report a detailed investigation of the Jeir =
% magnetic lattice system Bi, YbO,Cl, where the spins Yb3t
are arranged on a 2D square lattice. The magnetic susceptibil-
ity data reveal the presence of strong SOC and CEF effects
in Bi;YbO4Cl that result in a Jo = % Krammer’s doublet
ground state at low temperatures. The heat capacity shows a
broad maximum at 7™* = 0.3 K, which signifies the onset of
short-range correlations. The absence of any sharp magnetic
anomaly in the C, data down to 0.09 K implies a quantum-
disordered ground state. Our electronic structure calculations
based on density functional theory (DFT) further show that
the NN Yb-f electrons interact within the plane, while the
out-of-plane interaction is extremely weak, suggesting the
presence of a 2D spin model in Bi, YbO,Cl. Additionally, our
calculations underscore the significant role of spin-orbit inter-
actions in driving the antiferromagnetic coupling between NN
Yb3t ions and also the formation of the Joit = % state.

II. METHODS

A. Experimental techniques

The polycrystalline sample of Bi YbO,Cl was synthesized
using the hydrothermal synthesis technique. The high-purity
chemicals of BiOCl (Aldrich, 99.99%) and Yb,0O3 (Aldrich,
99.99%) were used. We note that the Yb,Os3 chemical is
prefired at 1000° to remove the moisture and absorbed CO,

before using it for the hydrothermal reaction. The starting ma-
terials of BiOClI (0.520 g) and Yb,O3 (0.197 g) with the molar
ratio Bi:Yb = 2:1 were dissolved in 100 ml of deionized water.
The mixture obtained without any homogenization was then
directly transferred into a 150-ml Teflon-lined stainless-steel
autoclave and heated to and held at 180 °C for three days. The
autoclave was then cooled down to room temperature. In order
to get better-quality samples, we performed the hydrothermal
treatment on the obtained powder from the previous attempt
for another 24 hours. The single-phase purity of the sam-
ple was confirmed from the powder x-ray diffraction (XRD)
measurements performed at room temperature, which is con-
sistent with the reported data [40]. A PANalytical powder
diffractometer with Cu-Ko radiation (Aae ~ 1.5406 A) was
used for the powder XRD experiment. Rietveld refinement
analysis is done using the FullProf Suite software package
[41]. The magnetic field and temperature-dependent magne-
tization measurements were performed on the polycrystalline
samples of Bi, YbO,Cl using a superconducting quantum in-
terference device (SQUID) attached to the magnetic property
measurement system (MPMS) until 7-T magnetic field and
down to a low temperature of 0.64 K. We have also measured
magnetization using vibrating sample magnetometer (VSM)
attached to physical property measurement system (PPMS)
until 9-T magnetic field and down to the low temperature of
1.8 K. The heat capacity data from 1.8 K to 300 K is measured
in various magnetic fields using the heat capacity option of the
Dynacool PPMS from Quantum Design. The low-temperature
heat capacity data down to 0.09 K in zero magnetic field were
obtained by using a CF-150 dilution fridge (Leiden cryogen-
ics) on the powder samples.

B. Theoretical methods

The electronic structure of Bi, YbO4Cl is investigated us-
ing the linearized augmented plane wave (LAPW) method
as implemented in the all-electron, full potential code ELK
[42]. We have carried out both nonspin and spin-polarized
electronic-structure calculations and also incorporated the ef-
fect of SOC within the LDA + SOC 4 U formalism with
U = 6 eV for the correlated Yb- f electrons [43,44]. A basis
set of Inax@apw) =9 and a 5 x 5 x 2 k-point sampling of the
Brillouin zone are used to achieve the self-consistency. The
product of the muffin-tin radius (2.8, 2.8, 1.8, and 2.2 a.u. for
Bi, Yb, O, and Cl, respectively) and the maximum reciprocal
lattice vector is taken to be 8.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Structural analysis

The single phase of the sample is confirmed via powder
XRD. Rietveld refinement of XRD data confirms the purity
and good quality of the sample (see Fig. 1). The values for
refinement are as follows: X2 ~ 272, R, ~ 8.38%, Ry, ~
8.86%, Rexp A 5.29%. The obtained lattice parameters from
the refinement at room temperature a = b = 3.82 + 0.02 A,
c=28.85+0.04A, and @ = B = y = 90° are in close agree-
ment with a previous report [40]. The compound Bi, YbO,Cl
crystalizes in the tetragonal space group P4/mmm. The crystal
structure of the compound Bi, YbO4Cl is depicted in Fig. 2(a),
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FIG. 1. Rietveld fit of the data at 300 K. The Bragg positions are
shown with green vertical bars, and the solid blue line represents the
difference between the experimental and calculated intensities.

where the edge-shared YbOg polyhedral units connect to form
a well-separated 2D square-lattice network. The Yb>" resides
in the slightly distorted environment of YbOg. The intra-
and interplaner hopping integrals, ;4™ and 7§, between the

Yb?* ions are indicated by curved lines. The NN intraplaner
hopping t;';}m along X and § are indicated in dashed and solid
lines, respectively.

The NN Yb ions form a square lattice in the xy plane as
represented in Fig. 2(c). The interlayer separation between
two square layers (diner) is about 8.85 A [see Fig. 2(b)]. The
intralayer Yb>T-Yb** bond length (ding) is 3.82 A, as shown
in Fig. 2(d). The 2D layers seem to be well separated, with a
ratio dinter /dinyra Of 2.31. The intraplanar exchange interaction
is mediated via the Yb-O-Yb path having an angle of 109.4°.
The later sections will report the investigation of the exchange

intra
to

0 cl

(d)

Yb-Yb=382A

FIG. 2. (a) The crystal structure of Bi, YbO,Cl. (b) The in-
terlayer separation is about 8.85 A. (c) The depiction of a 2D
square-lattice network. (d) The intrachain interaction path between
first NN Yb atoms with bond angle and bond length.
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FIG. 3. (a) Temperature-dependent magnetic susceptibility y (T)
measured in an applied field of 1 T. (Inset) x (7') measured at 0.1 T
in ZFC and FC conditions. (b) Inverse susceptibility (1/x) plot as a
function of T'. The solid (blue) line indicates the CW fit at the high-T
region, and the black dashed line denotes the two-level CW fit.

interactions and the role of SOC effects on the ground state.
Overall, the compound Bi, YbO4Cl is a promising candidate
for exploring 2D square-lattice physics.

B. Magnetization measurements

Magnetization as a function of temperature and mag-
netic field measurements provide the ground-state nature of
quantum magnets. The temperature-dependent magnetic sus-
ceptibility x (7') of the polycrystalline sample Bi, YbO,Cl at
I T field is shown in Fig. 3(a). There is no signature of
any anomaly or LRO down to 0.64 K in the x(7") data.
The inset of Fig. 3(a) shows the zero-field cooled (ZFC)
and field-cooled (FC) magnetic susceptibility data at 0.1 T.
There is no bifurcation of ZFC and FC susceptibilities, which
signifies the absence of spin freezing or spin glass transition
at least down to 1.8 K. The inverse x(7T") data above 180 K

L0 [see Fig. 3(b)].

Here, the 627 represents the Curie-Weiss (CW) temperature

is fitted with the expression 1/x =
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FIG. 4. Isothermal magnetization and Brillouin fit at different
temperatures. The horizontal dashed line denotes the linear fit, which
is extrapolated to a saturated magnetization. (Inset) The CW fit at
low-T region.

at the high-temperature region, and Cyr is the Curie constant.
The extracted parameters from the high-temperature fit are
64T = —115 £ 2 K. Cyr = 2.45 cm® K/mol. The effective
moment is calculated from Cyr value using the formula pes =
/3kpC /Ny = J8C us, where Ny is Avogadro’s number, and
kg is the Boltzmann constant. The obtained value of effec-
tive moment p.g = 4.42 up is comparable to that anticipated
for the Yb>* free ions 4f13; L =3, S = 1 ,J = ;) We note
that this large negative value of 6% does not represent the
presence of antiferromagnetic mteractlons The large negative
value of 047 rather signifies the effect of the crystal electric
field (CEF) excitations. In the case of Yb** jons (with an odd
number of electrons), the eightfold degenerate J = % multi-
plet split into four Kramers doublets due to the CEF effects. At
the high T', the magnetic moment has significant contributions
from thermally populated crystal field levels.

To obtain the information about the low-temperature
state, the inverse X(T) data is fitted with the Curie-
Weiss law, x(T) = X T+ CLQTLT, in the temperature range

20-0.64 K [see inset of Fig. 4]. The temperature-independent
xLT term is the combination of core diamagnetic suscepti-
bility and Van Vleck paramagnetic susceptibility. The Cir
and 65T, denote the low-temperature values of the Curie
constant and CW temperature respectively. The fit gives

xT ~ 2 24 x 1073 cm?/mol, 6L, ~ —1 £0.1 K, and Cir &
0 98 cm? K/mol. The xgia for the Bi, YbO,4Cl sample is cal-
culated by summing up the core diamagnetic susceptibilities
of individual ions Bi**, Yb**, 02—, and CI~! [45], which
comes out to be —1.42 x 107* cm?®/mol. Deducting the cal-
culated diamagnetic susceptibility from x.7 gives us the Van
Vleck susceptibility of about 2.63 x 10~3 c¢m?/mol, which
results from the second-order contribution to free energy in
the presence of the magnetic field. The obtained value of
Van Vleck susceptibility at low temperatures is consistent

with other Yb3* compounds [46—48]. The calculated value of
effective magnetic moment comes out to be g ~ 2.78 ug.
It is evident that the obtained value of an effective moment
at low temperatures, e ~ 2.78 up is significantly smaller
than that of the high-temperature value p.g ~ 4.54 ug. As,
we know the Yb** ion, with J = 7/2 comprises eight basis
states, which upon exposure to a distorted CEF environment,
Yb’* adheres to Kramer’s theorem, causing the degenerate
ground states to split. This splitting results in a maximum
of four doublets with quantum numbers £1/2, £3/2, £5/2,
and +7/2. The ground state of Yb** at low temperatures
adopts the Jo = £1/2 doublet state. Further we extract
the value of g from the magnetic moment formula pey =
g/ Jett (Jegr + 1) up by fixing the value Jog = %, which comes
out to be 3.2.

To further understand the ground state of the titled material,
the isothermal magnetization as a function of the magnetic
field was carried out at low temperatures at 0.67 K and 1.8 K
(see Fig. 4). The isothermal magnetization data is fitted with a
linear equation above 5 T. The fit is extrapolated down to zero
field to obtain the saturation magnetic moment value. The sat-
urated magnetic moment comes out to be My = 1.45 up. After
subtracting the diamagnetic contribution, the slope of the
linear fit provides the value of Van Vleck’s paramagnetic con-
tribution 2.8 x 10~3 cm?/mol. In the paramagnetic state, we
model the observed isothermal Magnetization with the follow-
ing function, M(H) = xoH + gJeiNaupBy,,(H, T), where
By, (H, T) is the Brillouin function for Jey = 4 [49]. The fit
to the Brillouin function is shown at various temperatures in
Fig. 4. The M(H) data very well matches with Je = % and

g~ 2.9. The result confirms the Yb** ions possess spin-orbit

entangled Jegir = % moment at low temperatures. In such cases,

the low-temperature magnetic properties of Yb’* jons are
primarily controlled by the exchange interactions between the
Jett = % moments, which are confined to the lowest Kramers
doublet state. The influence of CEF on the Kramers doublet
state can be approximated using the following two-level equa-
tion [50,51]:

-1
—ACEF

2 2
Megr T Mg o X €T

1 +e *ACEF

x "=+ 8(T — bew)

ey

Here, Acgr represents the energy splitting for the ground
state and first excited state due to the influence of CEF.
The effective magnetic moments associated with these CEF
levels are piesr1, and g2, respectively. As shown in
Fig. 3(b), the inverse magnetic susceptibility data is fitted
to the two-level model, which provides the parameters as
Xo =113 x 1073 cm3/m01, Acer = 360K, Ocw = -5 K,
et 1 = 3.1 wp, and pegr 2 = 4.3 up. The large value of Acgp
again suggests that the ground state is very well separated
from its first excited state, as noticed in other Yb-based mag-
nets [36,37,51]. It is to be noted that this two-level fit is a
simplified model and qualitative method to estimate the value
of the energy splitting between the ground state and the first
excited crystal field level. To estimate the value of the CEF
energy gaps precisely, inelastic neutron scattering (INS) or
Raman spectroscopy would be required.
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FIG. 5. (a). G, vs T plot at 0 T, where the solid red line is fit to
the lattice. (Inset) The value of entropy change AS,, vs T at O T. The
horizontal dotted red line indicates the expected AS,, value for the
spin % systems. (b) The extracted C,, vs T at 0 T with the two-level
Schottky fit.

C. Heat capacity

We measured the temperature dependence of heat capacity
Co(T) of the compound Bi, YbO4ClI down to 0.09 K in zero
magnetic field to obtain more insight into the ground-state
properties. Figure 5(a) shows the C,(T') data in zero field,
where no LRO is noticed down to 0.09 K, despite the antifer-
romagnetic interactions of about ¢y =~ —1 K. Below 3 K, the
magnetic contribution to heat capacity is prominent [Fig. 5(a)]
and the C, data gradually increases and reaches a broad max-
imum (7™%) at 0.3 K. The presence of magnetic contribution
to the heat capacity over a broad temperature range 3-0.09 K
indicates the onset of short-range spin correlations from the
2D square-lattice spin network of J.¢ = % magnetic moments.
The broad maximum in the heat capacity data seems to be a
common feature in various 2D Yb-based magnetic materials,
as listed in Table I.

The C, of magnetic insulators have a significant phononic
contribution C,, at high temperatures. While reaching low
temperatures, the magnetic component of heat capacity Cy,

TABLE I. Details of various 2D layered Yb-based compounds.

Compound 6L (K) Upturn in G, T ™ (K) in Cy
YbMgGaO, —4 10K 2.4 [52]
NaYbO, —5.6 11K 1[36]
YbZnGaO, —2.7 10 K 1.8 [53]
BiYbGeOs ~06 6K 0.6 [47]
Bi, YbO,Cl -1 3K 0.3

takes precedence over Cp,. As a result, the magnetic compo-
nent of heat capacity can be set apart from the phononic com-
ponent, especially for magnetic materials with low-energy
scales of exchange couplings between magnetic moments.

To extract the Cy, from C, data, we initially estimated
the phononic contribution by fitting the high-7 data via one
Debye and one Einstein term [49],

Con(T) = fpCp(bp, T) + geCe(bg, T). (2)
The first term in Eq. (3) represents the Debye model,

oD

T\’ [T x'e
CD(QD,T)=9nR<9—>f 2 _ax, Q)
0

b (e" — 1)?

where x = ]i—“} w is the Debye frequency, R is the universal

gas constant, and 6p represents the Debye temperature. The

subsequent term of Eq. (3) is known as the Einstein term, and

it accounts for the lattice vibrations of the flat optical modes,
%

er
[ — 172

The characteristic Einstein temperature is denoted by 6.
The coefficients fp, and gg are the multiplication factors.
The zero field C,(T) data is fitted from 18 K to 225 K,
using Eq. (3) [see Fig. 5(a)]. The obtained parameters are
Jop~ 045+ 0.05, gg ~ 0.54 £ 0.05, 6p =240 £ 2 K, and
0 =~ 633 &+ 2 K. The fit is further extrapolated to low tem-
peratures down to 0.09 K. Finally, C,,(T") was obtained by
subtracting the estimated lattice contribution from the mea-
sured C,(T') data. The magnetic heat capacity Cy,(T') at zero
field is depicted in Fig. 5(b). The C,(T') shows a broad maxi-
mum, from which the data falls steeply towards zero. We have
attempted to fit with two-level Schottky model [49] on the C,
data at 0 T. We noticed that there is a significant mismatch
between the fit and data at the low-T region [see Fig. 5(b)],
which rules out the presence of Schottky behavior in the Cp,
data at O T. The estimated C,(T) is then used to calculate
the change in magnetic entropy AS; by integrating Cy,/T
over T [see the inset of Fig. 5(a)]. The AS,, value reaches
saturation at 3.10 J/mol K in zero fields, which is almost 54%
of the RIn2 expected for Jeir = % This result indicates that
the remaining 46% of the entropy is getting released below
0.09 K due to the persistence of strong magnetic correlation;
this similar reduction in entropy has also been observed in a
few other Yb-based materials [48,54].

Furthermore, we measured the heat capacity data down to
1.8 K in several magnetic fields, and we identified a broad
peak in the presence of magnetic fields, which tends to shift
towards high temperatures with increasing field values due to

05\ 2
Ce(0s, T) = 3nR<7> )
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FIG. 6. Plot of [C,(H)—C,(0)] vs T at various fields with Schot-
tky fit. (Inset) Plot of A/kg vs H, where the solid black line
represents the linear fit.

the Zeeman splitting of the ground state Kramers doublet. The
heat capacity data at various field values is fitted with a two-
level Schottky fit (see Fig. 6). The Zeeman energy gap (A)
between the energy levels of the ground-state Kramers doublet
J = :I:% is extracted from the two-level Schottky fit, which
increases linearly with the applied magnetic fields (see inset
of Fig. 6). The linear dependence of the Zeeman energy gap
with respect to the magnetic field is fitted with the expression
A = g ugH; the extracted parameter from the slope of the fit
gives us g &~ 3.1, which is in good agreement with the value
obtained through the magnetic measurements. Overall, the
lack of LRO and the presence of short-range correlations in
the heat capacity data suggests that the Jeg = % square-lattice
spin system might possess a quantum disordered ground state.

IV. THEORETICAL RESULTS

In order to gain further insight into the interactions be-
tween Yb>* ions, the effect of spin-orbit coupling, and the
magnetic anisotropy, we investigate the electronic structure of
Bi; YbO4Cl, computed within the DFT framework, which is
discussed below.

A. Basic electronic structure

We start by describing the basic electronic structure of
Bi, YbO,4Cl within the nonmagnetic configuration. The com-
puted nonspin-polarized band structure along the various high
symmetry points of the Brillouin zone of Bi, YbO4Cl and
the corresponding total and partial density of states (DOS)
are shown in Figs. 7(a) and 7(b). As seen from Fig. 7(a),
around the Fermi energy (Ep), there is an isolated manifold
of seven weakly dispersed bands. As evident from the partial
Yb-f DOS in Fig. 7(b), these bands have a predominant Yb-f
character. This can also be understood from the fact that the
Yb ions are in the 3+ charge state with almost completely
filled (Yb**:[Xe]4f!3) 4f states. The DOS, below that regime
[around the energy range —1 to —5 eV in Fig. 7(b)] is dom-

T .
(b)
— Total
Yb-f
O-p
S
)
>
o
c
L
| |
20 40

DOS (States/eV)

FIG.7. The nonspin polarized electronic structure of
Bi, YbO,CI. (a) The band structure along the various high symmetry
points of the Brillouin zone. The inset shows the zoomed-in isolated
manifold of seven bands across the Fermi energy. (b) The total and
the partial DOS, corresponding to the Yb-f and the O-p states, in
Bi, YbO,Cl. The zero energy corresponds to the Fermi energy.

inated by the filled O-p states (O*>~: [He]2s%2p®). The weak
hybridization between Yb-f and O-p states is also evident
from the partial DOS plot in Fig. 7(b). Since this isolated
manifold of seven Yb-f bands is responsible for the low-
energy physics of the material, we construct a low-energy
model Hamiltonian in the basis set of the seven Yb-f states by
downfolding the effect of the other orbitals using the N order
muffin-tin orbital (NMTO) downfolding technique [55]. The
on-site energies and f-f hopping parameters are extracted
in this process. The diagonalization of the computed on-site
energies obtained in this method shows that the top-most
valence band has predominant orbital contributions coming
from fx(5z> — 1) and fx(3y*> — x?) orbitals.

The computed intra- and interplaner hopping integrals [see
Fig. 2(a)] between these f orbitals are listed in Table II. We

TABLE II. The list of computed intra- and interplaner hopping
integrals, £I%™ and té“ﬂ‘”, between the Yb-f orbitals, fx(5z> — 1) and
fx(3y? — x?), indicated by the orbital indices « and 8. The connect-
ing vectors between the neighboring Yb ions are also indicated in
the table. For the intraplaner hopping t;‘};‘a, the magnitude of the
hopping integrals depend on the direction of the hopping and are
listed separately.

1M (£a,0,0)

Hopping (meV) fx(6Z2—1) fx(3y* —x%)
fx(5z2 - 1) 45 29
fx(3y* —x*) 29 —4

£ - (0, +a, 0)
Hopping (meV) fx(3z22-1) fx(3y? —x?)
fx(522 —1) 0 —1
fx(3y* —x%) -1 24

fimer (0,0, %)
Hopping (meV) fx(5z2—1) fx(3y* —x%)
fx(5z2 = 1) 0 0
fx(3y* —x%) 0 —4
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FIG. 8. The FM, AFM1, and AFM2 magnetic configurations of
Bi, YbO,Cl. The arrows indicate the direction of the magnetic mo-
ment at the Yb*" ions.

note that the magnitude of the hopping integrals significantly
reduces after the NN, as expected due to the localized nature
of the f states, and consequently, the interplaner hopping
tg{‘ger is negligibly weak in magnitude (see Table II). Since the
out-of-plane interactions between the Yb** ions are extremely
weak and the NN in-plane Yb>* ions with significant inter-
actions form a square lattice, a two-dimensional spin model
would be relevant for the description of the system. It is impor-
tant to point out that the NN hopping integrals are not identical
along % and 9, as evident from the listed hopping integrals in
Table II. The difference in hopping integrals, despite being
equidistant, may be ascribed to the shape of the participating
f orbitals along a particular direction of the hopping [56].
Our calculations, therefore, point out a direction-dependent
NN hopping between the Yb** ions.

B. Effect of magnetism and spin-orbit interaction

Next, to understand the nature of magnetism between the
Yb* ions in Bi, YbO,CI, we explicitly consider the effect of
magnetism and perform the total energy calculations within
the LDA + U formalism. For these calculations, we con-
sider both ferromagnetic (FM) and antiferromagnetic (AFM)
configurations with the neighboring Yb spins parallel and
antiparallel to each other, respectively. Since the unit cell
contains only one Yb ion, for the AFM configuration, we
construct a 2 x 1 x 1 supercell and then keep the magnetic
moments of the NN Yb>* ions (along %) antiparallel to each
other. We refer to this AFM configuration as AFM1, which is
shown in Fig. 8. We also construct a 1 x 2 x 1 supercell and
keep the magnetic moments of the NN Yb’* ions antiparallel
to each other along y, as depicted in Fig. 8. We refer to this
magnetic arrangement as AFM2 configuration. The computed
total energies of the FM, AFM1, and AFM2 configurations,
as listed in Table III, show that the FM configuration is lowest
in energy, suggesting that the ferromagnetism is energetically
favorable within the LDA + U formalism. The computed spin
moment at the Yb>t ion for this configuration is 0.97 ug,
consistent with the one unpaired electron remaining in the 4 f
state of the Yb>* ion.

However, Yb atoms being heavy (large atomic number), it
is also important to consider the effect of spin-orbit interaction
in our calculations. We, therefore, compute the total energies
of FM, AFM1, and AFM2 configurations in the presence of
spin-orbit interaction, and the results of our calculations are
also listed in Table III. Here, the spin polarization is along Z.
In contrast to the case discussed above, in the presence of

TABLE III. Comparison of the total energies of the FM and
AFM1 configurations along with the spin and orbital moments both
in the absence and presence of SOC. The energy difference AE is
set to zero for the lower energy configuration. The orbital moment of
the Yb ion is written in the parenthesis.

Without SOC
Magnetic AE Spin moment
config. (meV) us/Yb
FM 0 0.97
AFM1 21 0.96
AFM2 4 0.97

With SOC

Magnetic AE Spin (orbital) moment
config. (meV) us/Yb
FM 62 0.44 (1.02)
AFM1 0 0.77 (2.01)
AFM2 17 0.77 (2.01)

SOC, the AFM1 configuration becomes energetically more
stable than the FM configuration (see Table III), suggesting
that the SOC drives antiferromagnetism between the Yb
ions. It is interesting to point out that such SOC-driven
antiferromagnetism was also reported in the Jeg = % state of
Ir-based 5d transition metal oxide system [57]. Interestingly,
the computed spin and orbital moments in the energetically
lowest AFM1 configuration (see Table III) show that the
orbital moment of the Yb** ion is more than twice (~2.6)
the value of the spin moment, which is a characteristic of
the Jegr = % state. Our results, therefore, clearly show that
the interaction between the Yb ions is of AFM in nature
in agreement with the experimentally observed negative
Curie-Weiss temperature Ocw and that the SOC plays a
crucial role in driving the antiferromagnetism in the system.
This leads to a two-dimensional AFM J.¢ = % state in the
system. The system is also insulating, in this case, consistent
with the experimental results.

We note that the computed total energies of the AFM1
and AFM2 configurations, in which the NN Yb** ions along
X and § have antiparallel spin arrangements respectively, are
different. In particular, the computed total energy for the
AFM?2 configuration is found to be higher than that of the
AFMI1 configuration by about 17 meV /f.u. This difference
in total energy may be attributed to the different magnitudes
of the NN hopping along * and y. We further note that
the AFM1 configuration is lower in energy, consistent with
the overall larger NN hopping integrals along X than §, as
listed in Table II. The difference in the AFM1 and AFM2
configurations may also suggest a deviation from the simple
Heisenberg model, pointing towards the existence of more
complex higher-order exchange couplings. Exploring this as-
pect could be an interesting direction for future work.

C. Magnetic anisotropy

To gain further insight into the orientation of the mag-
netic moment at the Yb>* ions, we first identify the allowed
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TABLE IV. Energy differences AE of the AFM1 configuration
for different orientations of the magnetic moment with respect to the
case when the moment is along Z (001). The corresponding spin and
orbital moments are also listed.

Magnetic moments AE Spin (orbital) moment
along (meV) ns/Yb

(100) 4 0.78 (2.08)
(010) 45 0.78 (2.08)
(001) 0 0.77 (2.01)

magnetic space groups for the P4/mmm symmetry of the
crystal structure of Bi, YbO4Cl using MAXMAGN, as im-
plemented in the Bilbao crystallographic server [58]. Note
that this analysis depends on the propagation vector k. Since
the results of our calculations in the previous section show
that the AFM1 configuration, corresponding to the 2 x 1 x 1
magnetic supercell, has the lowest energy among the consid-
ered magnetic configurations, we restrict our analysis here
to the propagation vector k=1 /2,0,0). We find that for
this given propagation vector, the structural space group
P4 /mmm allows for only three magnetic space groups with
nonzero magnetic moments at the Yb ions. All these allowed
magnetic space groups dictate an AFM arrangement of the
magnetic moments at the Yb’* ions, with three different
orientations of the magnetic moment, viz., £ (100), § (010),
and Z (001).

Guided by this symmetry analysis, we next carried out total
energy calculations within the LDA + SOC + U framework
for the same AFM1 configuration but aligning the magnetic
moments along ¥ and J, in addition to the previous case
(see Sec. IVB) with moments along Z. The results of our
calculations are listed in Table IV. The comparison of the total
energies clearly shows that the Yb magnetic moments prefer
to align along Z (001), indicating an easy-axis (out-of-plane)
anisotropy in Bi; YbO4Cl. We hope that our work will moti-
vate future research in exploring the ground state of the ideal
2D HAFM model and its deviation due to the influence of
SOC, offering avenues for research on quantum magnetism.

V. CONCLUSIONS

In summary, we synthesized, examined the magnetic prop-
erties, and calculated the electronic structure of a compound
Bi, YbO,4Cl with a structurally perfect 2D square-lattice net-
work of Yb®' ions. Our findings show that Yb* ions
host Jegr = % moments. The antiferromagnetic interaction be-

tween the Jog = % moments are identified with a Curie-Weiss
temperature of about —1 + 0.1 K. The heat capacity data
exhibit a broad maximum at 0.3 K, suggesting the presence
of short-range correlations. There is no indication of any
sharp magnetic anomaly in the heat capacity data down to
0.09 K. The titled compound is resistant in exhibiting the
magnetic LRO even at very low temperatures (relative to the
6%, value of about —1 K), which is attributed to the pres-
ence of strong quantum fluctuations resulting from the low
dimensionality and spin-orbit coupling. Our total energy cal-
culations also demonstrate that the NN Yb- f electrons interact
antiferromagnetically. The spin-orbit interaction drives the an-
tiferromagnetic interaction, and the estimated spin and orbital
moments suggest the presence of a Jeg = % state. The total
energy calculation indicates that the system is a spin-orbit
coupled Mott-Hubbard insulator with easy-axis (out-of-plane)
anisotropy. Further, the uSR and INS investigations would
help unveil the true nature of the excitations of the titled com-
pound. In addition, the theoretical endeavors to explore the
potential existence of non-Heisenberg-like, highly anisotropic
spin interactions [34] could offer crucial insights into under-
standing the magnetic ground state of Bi; YbO,Cl.
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