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The subtle interaction of low dimensionality and spin correlations in two-dimensional quantum magnets
results in novel states of matter. Herein, we investigate the structural, magnetic, heat capacity, >'P nuclear
magnetic resonance (NMR) measurements, and density functional theory + Hubbard U (DFT +U) electronic
structure calculations on the Cu?t (§ = %)-based compound BaCu,(PO,),(H,0). Based on the hopping pa-
rameters obtained from DFT, the titled compound comprises the 2D layer of 1/3-depleted anisotropic kagome
lattice with the magnetic couplings J;, J», J3, and J4. At high temperatures, magnetic susceptibility () exhibits
paramagnetic behavior, with a Curie-Weiss temperature of 6y = —67 K, indicating the presence of dominant
antiferromagnetic interactions. The appearance of a broad maximum in the magnetic susceptibility and heat
capacity reveals the low-dimensional nature of the compound. While the sharp magnetic anomaly features
are not seen clearly in the bulk measurements, the 3'P NMR local probe measurements unambiguously show
the presence of magnetic transition at 7y = 10.5 K. The temperature (7) dependence of nuclear spin-lattice
relaxation rate (1/7;) exhibits a sharp peak at 7Ty. While 1/7; falls very steeply below Ty, it follows a sublinear
power-law behavior above Ty, indicating the presence of dynamic short-range correlations, which could be
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attributed to the complex 2D spin network of the compound.
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I. INTRODUCTION

Quantum magnetism in low-dimensional systems is cur-
rently one of the captivating research fields offering a variety
of rich quantum magnetic phenomena [1]. The diversity inher-
ent in various spin-lattice models contributes to the emergence
of intriguing and exotic quantum ground states. In recent
years, low-dimensional § = % systems have garnered signif-
icant attention due to the large quantum fluctuations. Among
the plethora of 2D spin systems, the S = % kagome-lattice
antiferromagnets (KAFMs) provide a fascinating physical
model, which piqued the curiosity of researchers. The reason
lies in the interplay between robust quantum fluctuations and
spin frustration, which results in the realization of a quantum
spin-liquid (QSL) ground state featuring low-lying excitations
with fractional quantum numbers [2-5]. Synthetic copper
minerals such as ZnCu3(OH)¢Cl, stand out as exceptional
material realization of an isotropic kagome lattice, represent-
ing a forefront in quantum magnetism research [6—12]. Even
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though a QSL state is predicted in ZnCu3;(OH)eCl, due to
the absence of magnetic ordering down to 50 mK, there are
still persistent debates revolving around its precise nature. It
is unclear whether it is exhibiting a gapped or a gapless ground
state [8,9]. The debate probably arises from the material’s
inherent complexity and a notable 5-10% disorder between
Cu and Zn atoms [10-12]. It has been noticed that the real
materials are typically afflicted by symmetry reduction from
the ideal kagome structure due to the presence of the intense
Jahn-Teller effect and significant Dzyaloshinskii-Moriya in-
teractions, resulting in spatially anisotropic exchange interac-
tions [13,14]. The lattice defects and the resulting perturbation
terms are generally deleterious to quantum spin liquids. How-
ever, in some cases, the interaction of these defects and
perturbations with geometric frustration can result in a slew
of exotic quantum ground states [15].

A few known anisotropic kagome systems are
Rb,CuzSnF, [16-19], volborthite CuzV,07(0OH);, -
2H,0 [20-22], vesignieite BaCu3V,0s3(OH), [23,24],
and PbCu3TeO; [25-27]. The compounds vesignieite and
volborthite are magnetically ordered, whereas the compound
Rb,Cu3SnFj; has been laid out as a pinwheel valence bond
solid with a spin gap of 20 K. On the other hand, the
compound PbCu3;TeO7, a deformed staircase kagome lattice,

©2024 American Physical Society
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shows magnetic field-induced ferroelectricity [26]. While
significant attention has been directed toward anisotropic
kagome lattices in recent years, there has also been a rising
curiosity regarding depleted 2D kagome systems [28-36].
For instance, the compound LiZn,Mo3Og with 1/3-filled
or 2/3-depleted kagome lattice demonstrates quantum spin
liquid behavior [30-32]. Conversely, 1/6-filled kagome
magnet Li;InMo3Og exhibits the magnetic LRO [33-35].
Despite these advancements, there remains a gap in our
understanding of depleted kagome variations. Herein,
we come up with a novel quantum magnetic system
BaCu, (PO4),(H,0), which features a 2D layer comprising of
1/3-depleted anisotropic kagome lattice of Cu®*" ions with the
magnetic couplings Ji, J», J3, and Js. We report the detailed
investigation using nuclear magnetic resonance (NMR),
magnetic susceptibility, heat capacity, and electronic band
structure calculations of the compound BaCu,(POy),(H,0).
The interaction between Cu’t ions is antiferromagnetic
(AFM), as evidenced by the Curie-Weiss temperature
Ocw ~ —67 K obtained via magnetic susceptibility and
3'p NMR shift analysis. The unusual shape of the NMR
spectrum might be an indication of incommensurate
magnetic order. The nuclear spin-lattice relaxation rate
(1/Ty) shows a prominent peak at 7y = 10.5 K. Above the
critical temperature Ty the 1/7; shows a sublinear power-law
behavior. This suggests the existence of dynamic short-range
correlations in the compound, likely originating from its
intricate two-dimensional spin network.

II. TECHNIQUES

The synthesis of BaCu,(PO4)>(H,0) crystals were done
using the one-pot hydrothermal technique. The high-purity
chemicals of BaCl, - 2H,0 (Aldrich, 99.99%), CuCl, - 2H,0
(Aldrich, 99.99%), H3PO,, and pyridine (0.5 ml) were taken
in a stoichiometric proportion. The chemicals were further
dissolved in 20 ml H,O and mixed thoroughly for an hour
before placing them in a 50 ml teflon-lined autoclave. The
hydrothermal autoclave container was heated at 180°C for
72 hours and slowly cooled down with a ramp rate of
5°/hr. At room temperature, single crystal x-ray diffrac-
tion (XRD) was carried out on good quality single crystals
utilizing a Bruker D8 Venture Diffractometer Dual Source
(Mo,Cu). The data was acquired with APEX3 and reduced
using SAINT/XPREP [37]. The structure was solved using
direct approaches with SHELXT-2018/2 [38] and refined
using complete matrix least squares on F2 with SHELXIL-
2018/3 [39]. To further ensure the single phase of the crystals,
a significant number of single crystals were crushed into
powder, and powder XRD measurements were done at room
temperature using a PANalytical powder diffractometer with
Cu — K, radiation (Ayg ~ 1.54 A), which is consistent with
the reported data [40,41]. Rietveld refinement analysis is done
by using the FullProf Suite software package [42], giving out
the goodness of fit value as 3.85 (see Fig. 1). The obtained
lattice parameters from the refinement at room temperature
area=5.16A,6=9.73A,c=14.55 A, and V = 731.09 A3,
which are in close agreement with the single-crystal XRD
data. The heat capacity and magnetization measurements were
performed by utilizing the heat capacity and vibrating-sample
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FIG. 1. Rietveld refinement of the XRD data at room tempera-
ture. The Bragg positions are shown with dark-green vertical bars,
and the solid-pink line represents the difference between the exper-
imental and calculated intensities. (Inset) The image of the grown
BaCu,(POy),(H,0) single crystal with the XRD of (0 0 1) plane.

magnetometer options of a Quantum Design physical property
measurement system, respectively. The phosphorus 3'P NMR
experiments were carried out on Bruker AVANCE-II-360
NMR spectrometer at 8.5 T magnetic field using a home-
built probe having a single-axis goniometer. A single crystal
with dimensions of 1.2 x 1.0 x 0.6mm® was used for the
measurements. These measurements were conducted with the
BaCu,(PO4),(H,0) single crystal oriented in two directions,
specifically with the external magnetic field aligned parallel to
the ¢ axis and parallel to the a axis. All the frequency shifts are
given relative to the frequency of liquid H3;PO, reference at
145.53 MHz. The spin-lattice relaxation was measured using
an inversion-recovery pulse sequence method.

III. RESULTS AND ANALYSIS

A. Crystal structure

The compound BaCu,(PO4),(H,O) crystallizes in the
orthorhombic space group P2,22; [40,41]. It lies in the Ba—
Cu—P-0O family system. The crystal structure is displayed in
Fig. 2. The unit cell [see Fig. 2(a)] comprises two crystallo-
graphically distinct Cu atoms, which tend to form CuO4(H,0O)
square pyramids, and two crystallographically independent
P atoms that are coupled tetrahedrally with four oxygen
atoms to generate deformed PO, tetrahedra. The square pyra-
mids of both Cu atoms form zigzag chains along the b axis
that are interconnected to form a 2D-layered network of a
1/3-depleted kagome lattice [see Fig. 2(b)]. The interlayer
separation is about 8.01 A. The anhydrous counterpart of the
titled compound, BaCu;,(POy4),, also exists within the Ba—
Cu—P-0O system. In this case, it features 1D antiferromagnetic
(AFM) linear chains [43]. On the other hand, the compound
BaCu;(PO4)2(H,0) manifests a 2D magnetic topology. The
existence of 2D magnetic topology was also indicated by
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FIG. 2. (a) The unit-cell representation with an interlayer separation of about 8.01 A for the compound BaCu,(POy),(H,0). (b) The spin
network shows the 1/3-depleted anisotropic kagome lattice with Ji, J5, J3, and J4 couplings. (c) The 2D spin network with the dummy atoms

reflects the 1/3-depleted anisotropic kagome lattice.

M. Yang [41] as models based on 1D AF Heisenberg chain
and alternating spin chains failed to account for the observed
magnetic behavior. The results obtained from DFT calcula-
tions indicate the presence of well-separated S = % 2D layers,
resembling a 1/3-depleted kagome lattice. A dummy atom has
been intentionally added to the lattice to reflect a 1 /3-depleted
anisotropic kagome lattice in the BaCu,(PO4),(H,0) system
[see Fig. 2(c)]. This signifies a distinct magnetic structure
compared to its anhydrous counterpart, showcasing the in-
triguing diversity within the Ba—Cu—P-O system. The bond
path for J; and J, magnetic couplings is via O atoms,
with the bond angles of Cu-O-Cu paths as 109.02° and
106.85°, respectively. The superexchange interaction paths
with such bond angles favor weak AFM coupling as per the
Goodenough-Kanamori rules [44]. In contrast, the magnetic
couplings J3 and J4 are connected via longer paths Cu-O-P-
O-Cu, which involve both O and P atoms, which is similar
to the interaction paths for the compounds Ba,Cu(PQOy), and
BaCuP,07 [45]. The aforementioned interaction pathways in
J3 and J4 couplings may account for their compatible mag-
netic interaction strength. The specifics of all the possible
magnetic couplings for BaCu;,(PO4),(H,0) are summarized
in Table I.

B. Magnetic susceptibility

Magnetization as a function of temperature from 2 K to
300 K is measured on a single crystal of BaCu,(POy4),(H,0)
in the presence of a magnetic field of 1 T parallel to the ¢
axis as shown in Fig. 3(a). The inset of Fig. 3(a) presents the
magnetic data at 0.1 T for the crystallographic directions a,
b, and c, whereas the inset of Fig. 3(b) illustrates the data at
0.5 T. It is evident that the x (T') data for Hex//a is different

from that of Hey//b, which is probably due to the presence of
in-plane anisotropy within the 2D lattice (ab plane). The ab-
plane anisotropy is due to the complex nature of anisotropic
exchange interactions and the depleted nature of 2D lattice
unlike that of a perfect 2D kagome lattice where the x (") for
Hey//a and Hey/ /b directions are expected to be the same. It
is to be noted that there is a very small upturn (Curie behavior)
noticed in the x (7") data along the a axis at 0.1 T, which can
be attributed to the presence of small paramagnetic impurities
in the system. The presence of a broad maximum in x(7)
at 25 K is a defining property of low-dimensional quantum
magnetic systems. Figure 3(b) represents the temperature-
dependent inverse magnetic susceptibility 1/x of the sample
BaCu, (PO4),(H,0). In the temperature range 70-300 K, the
1/x values are fitted using the Curie-Weiss (CW) law,

X = Xot ey

where C denotes the Curie constant, y, represents the
temperature-independent susceptibility, and 6cw denotes the
CW temperature.

The parameters obtained from the CW fit are x, ~
—8.57 x 107 cm?/mol-Cu, which is the sum of core dia-
magnetic susceptibility (xqi,) and Van-Vleck susceptibility
(xvv), C ~0.47 cm’K/mol-Cu, and Ocw =~ -67 K. A neg-
ative value of Ocw implies that the dominant interactions
between Cu’* ions are AFM in nature. The diamagnetic
susceptibility of BaCu,(PO4),(H,0O) was determined to be
~ —1.64 x 10~*cm?/mol-Cu by adding the core diamag-
netic susceptibilities of individual ions Ba**, Cu?**, P>+, H*
and O?~ [46]. Subtracting x4, from Y, yields the paramag-
netic susceptibility yvv, which is determined to be >~ 7.83 x

TABLE I. The details of the bond path, bond length, and bond angle of the magnetic couplings for BaCu, (PO4),(H,O).

Coupling Bond path Bond length (A) Bond angle (°)

Ji Cul-04-Cu2 3.25 Cul-04-Cu2 = 109.02

J Cu2-05-Cul 3.19 Cu2-05-Cul = 106.85

J3 Cul-O1-P1-04-Cul 5.16 Cul-O1-P1 = 130.24 P1-O4-Cul= 121.22
Jy Cu2-02-P1-04-Cu2 5.05 Cu2-02-P1 = 129.56 P1-0O4-Cu2= 121.03
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FIG. 3. (a) The measured magnetic susceptibility x data as a
function of T in an applied field of 1 T. (Inset) The x(7) data
at 0.1 T for different crystallographic directions. (b) The inverse
magnetic susceptibility 1/x vs T. The solid-red line indicates the fit
to the Curie-Weiss law. (Inset) The x(7) data at 0.5 T for different
crystallographic directions.

107> cm?/mol-Cu, arising from the magnetic field’s second-
order contribution to free energy. Assuming a Landé g factor
of 2, the spin-only effective moment for an S = 1/2 system
iS et = g/ S(S + 1) ug =~ 1.73 ug, where uyp is the Bohr
magneton. However, our experimental value of the spin-only
effective moment is perr =~ 1.94 ug, which is determined
using the Curie constant value by utilizing the relation fieg =
3kpC/Ny =~ «/%/,LB, where N, is Avogadro’s number and
kg is the Boltzmann constant. Due to the unquenched spin-
orbit coupling, this value of u.s is somewhat bigger than the
value of 1.73 ug for free S = 1/2 and has been observed in
various Cu®*-based compounds [47,48].

C. Heat capacity

The temperature-dependent heat capacity C,(T') is mea-
sured at zero field, as shown in Fig. 4(a). At higher
temperatures, C,, in magnetic insulators often contribute sig-
nificantly to phonon excitations Cp,. However, in contrast,
when we proceed to lower temperatures, the magnetic part of
the heat capacity Cy, takes precedence over Cpy,. As aresult, in
magnetic systems with a low-energy scale of exchange cou-
pling, the magnetic and phononic parts can be distinguished
by evaluating C, in the high-temperature region. The phonon
contribution was initially estimated to extract C, from C,
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FIG. 4. (a) Variation of heat capacity (C;) with respect to the T'in
zero field. The solid-red line reflects the phononic contribution (Cpy).
(Inset) Temperature variation of C, at 0 T and 9 T. (b) Plot of Cy,, /T vs
T, the dashed vertical-brown line represents the magnetic transition
Tn = 10.5 K obtained from the NMR measurement. (Inset) Variation
of normalized magnetic entropy AS,,/RIn2 with respect to the T.

by fitting the high-7 data with one Debye and two Einstein
terms [49],

2
Con(T) = foCop. T) + > giCe, (05, T).  (2)
i=1

The first term in Eq. (2) represents the Debye model,

( T >3 * xte
Co(0p,T) =9nR| — / —dx 3)
6 o (

b er =1

where x = %, w is the Debye frequency, R is the universal
gas constant, and 0p represents the Debye temperature. The
second part in Eq. (2) is known as the Einstein term, which

accounts for the flat optical modes of the lattice vibrations,

E

e
_
[eT — 1P

The characteristic Einstein temperature is represented by
0e. The coefficients fp and g;, and g, are weight factors
that take the number of atoms per formula unit (n) into
consideration.

The zero fields C,(T') data above 55 K are fitted with a
linear combination of one Debye and two Einstein parameters

05\
Ce(0s, T) = 3nR(7) )
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FIG. 5. The plot of C,/T vs T, with fit (red line) to the linear
equation from 20 K to 28 K. The fit is further extrapolated to the low
temperatures.

using Eq. (2) [see the solid-red curve in Fig. 4(a)], and the ob-
tained parameters are fp ~ 0.19 £0.05, g; =~ 0.28 £ 0.05,
g ~042+0.050p ~277+2K, 6g; ~689+2 K, and
Og2 ~ 1104 &£ 3 K. The C, data, depicted in Fig. 4(a), exhibits
a broad shoulder at a temperature of 12 K. It has been noticed
in many low dimensional magnetic materials that the broad
shoulder in C, occurs at lower temperatures when compared
with the broad maximum in the x data [47,50]. The inset of
Fig. 4(a) depicts the C,(T') measured in the applied field of
9 T in the low-temperature regime. A field change from O to
9 T produces no noticeable difference. The C, was finally
calculated by extrapolating the high-T fit down to 2 K and
subtracting it from the measured C;, data,

[ Ca(D)
Sim _/TdT. )

The change in magnetic entropy AS, is further estimated
by integrating the calculated % data using Eq. (5). The
obtained value of AS;, saturates above 55 K [see inset of
Fig. 4(b)]. It approaches a value of 5.73 J/mol-K. This
value is in good agreement with the theoretically predicted
value 5.75 J/mol-K for an § = 1/2 system. In the following
section, we use nuclear magnetic resonance to investigate
the static and dynamic spin characteristics of the compound
BaCuz(PO4)2(H20).

To gain further insight, we plotted the heat capacity divided
by temperature, C, /T, against T? for BaCu, (PO, ), (H,0), as
shown in Fig. 5. The solid-red line represents a fit to the
linear equation in the temperature range of 400 < T2 < 800
(20 K < T < 28 K). The yielded value of the intercept is
197 mJ/molK>-Cu. This linear contribution to the heat capac-
ity has been noticed in a few 2D spin-liquid-like candidates
of different topologies [51,52] and quasi-1D chains exhibiting
the Luttinger liquid-like excitations (dimensional reduction
due to high frustration) [53,54]. However, a thorough inves-
tigation using local probe techniques such as inelastic neutron
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FIG. 6. The 3P NMR spectra of BaCu,(PO4),(H;0) in two
orthogonal orientations (He//c and He//a) of a single crystal
in 8.5 T fixed magnetic field. The low-temperature NMR spectra
is shown in (a) and (b), and the spectrum at higher temperatures
is shown in (c) and (d). The vertical dash-dotted line in (c) and
(d) represent the reference frequency using liquid H;PO,, which also
has a zero shift of the 3'P nucleus.

scattering (INS) is further warranted to get proper insights on
the excitations of the system [55,56].

D. 3'p NMR
1. NMR spectrum

Nuclear magnetic resonance (NMR) is a powerful local
probe tool used to analyze the static and dynamic characteris-
tics of quantum spin systems. It has been widely employed to
examine diverse low-dimensional quantum magnetic systems.
Figure 6 depicts the temperature dependence of the 3'p (I =
%) NMR spectra measured on a single crystal with the size
1.2 x 1.0 x 0.6 mm? at a fixed magnetic field of 8.5 T. The
observed spectra exhibit a characteristic anisotropic pattern
shape. The spectra become broader and shift as the temper-
ature decreases. The NMR spectra of the titled compound
at high temperatures consist of two resonance spectral lines
(see Fig. 6), which are very close to each other. This further
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FIG. 7. The environment of P1 and P2 sites with respect to the
Cul and Cu2 atoms, respectively.

suggests that BaCu,(POy4),(H,0) contains two nonidentical
31Pp sites.

The pictorial representation of the P1 and P2 atom’s en-
vironment is shown in Fig. 7. The bond angle related to
the P1 atom site concerning the Cul atom (O4-P1-Ol1 =
106.88°, P1-O4-Cul = 121.22°) is less than that of the
P2 atom (06-P2-0O5 = 107.26°, P2-06-Cul = 133.01°). A
similar variation in bond angles (O4-P1-O2 = 108.26°,
P1-04-Cu2 = 121.02°, O7-P2-05 = 106.51°, P2-0O5-Cu2 =
115.40°) has been observed between the P1 and P2 atom
sites relative to the Cu2. This indicates that the environments
surrounding the two phosphorus atoms are somewhat distinct.
Additionally, we have shown the high-resolution magic angle
spinning (MAS) NMR spectrum in the Appendix (see Fig. 14
below) . The temperature dependence of the 3'P NMR line
shape at low temperatures in two different orientations is
shown in Figs. 6(a) and 6(b). The line width grows gradually
with decreasing temperature. Below 10.5 K, the line shape
shows a pattern related to the distribution of the internal mag-
netic field at the 3'P sites due to the onset of incommensurate
magnetic transition (7y).

It is to be noted that we did not observe apparent features of
any magnetic anomaly at 10.5 K in the x(7) and C,(T') data.
The presence of quantum fluctuations might be the reason
for not noticing the magnetic anomaly at 7y = 10.5 K. In
addition, in the C, data, we did observe a broad shoulder at
12 K, which is close to the transition temperature; it must be
ascribed to both influenced by short-range spin correlations
and long-range order.

At 4.7 K, the NMR spectra exhibit a broad four-peak fea-
ture. Since we have two 3!P sites, one double-peak might be
associated with each 3! P site. The double-peak or double-horn
line shape is possibly due to the harmonic space variation
of the resonant field (frequency) around the Zeeman value
Hy [57]. Similar characteristic line shapes and local field
distribution have been reported earlier in the incommensurate
phase of the low-dimensional magnetic compounds [57,58].
The description of the 3'P NMR line shape in the incommen-
surate AF phase is to assume different patterns for phosphorus
P1 and P2 sites. For both phosphorus, one has a harmonic
distribution of the local field at the phosphorus site i counting
the position related to the incommensurate order [59]:

Hj,. = Hex + Ho + Hinicos6;, 0 < 6; <27, (6)

where Hiy = Hjy + Hgip, the Hgp term signifies the con-
tribution from the dipolar interactions, Hey = 8.5 T is the
external magnetic field, Hy is a constant hyperfine field

*'P NMR H_Jlc
T=47K
H, /la

-15-I4-I3-l2-10 1 2 3 4 5
Frequency shift (MHz)

FIG. 8. Simulation (the red lines) of the local field distribution at
phosphorus sites in two directions of the external magnetic field.

projection, and Hiycosf; is the local field value at the phos-
phorus site i. The simulation of the local field distribution in
the incommensurate AFM phase at phosphorus sites in two
directions of the external magnetic field at 4.7 K is shown in
Fig. 8. The incommensurate AFM order may be built by the
amplitude modulation of the localized magnetic moments or
by the helical order of local moments. The incommensurate
phase featuring amplitude modulation has been observed as
an intermediate phase in the one-dimensional system (TiPOy)
during the transition from a paramagnetic state to a dimerized
singlet state [58]. In this case, one expects the parameter
Hy to vanish in all orientations. However, for our system,
we have different Hy values in Hey//c and He//a, thus
we believe that in the current case we have incommensurate
AFM state with the helical arrangement of spin orientations.
It is interesting to note that the local arrangement of POy
tetrahedra between corner shared CuOy plaquettes is similar to
that in the structure of well-studied square cupola compound
Ba(TiO)Cuy(POy4)4 [60] having perfect AFM ordering below
Tx = 9.5 K. In the latter compound, the magnetic moments
of copper are oriented perpendicular to the CuO, plaques, and
the internal field at phosphorus nuclei is Hy,, = 35.6 mT [61],
which is several times smaller compared to the internal field
values for our compound as given in Table II.

TABLE II. Simulation parameters for the local field distribution
in the incommensurate AFM phase.

H() I-Iinl
Hext//c Hext//a Hexl//c Hext//a
P, 300kHz 450kHz 2300 kHz 3800kHz
17mT 26 mT 133 mT 220 mT
P, 300kHz 450kHz 1200 kHz 2450 kHz
17mT 26 mT 70mT 142 mT
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FIG. 9. The plot of NMR shift (K) vs T for ' P nuclei in the direction H//c and H.,//a of the single crystal is shown in (a) and (b). The
K; and K, represent the Knight shifts of P1 and P2 NMR lines. (Inset) K vs x(7") in the T range 2-300 K for both orientations. The solid red
line represents the linear fit. The full width at half maximum (FWHM) vs T plot for Hey//c and H.y//a direction is shown in (c) and (d).

2. K-Shift and FWHM

The NMR technique has a significant advantage over bulk
susceptibility in determining intrinsic magnetism. In this tech-
nique, if present, the paramagnetic impurity contributions
would broaden the NMR line but will not contribute to the
central line of the NMR shift. As a result, obtaining the in-
trinsic spin(7") from the temperature dependence of the K(7)
rather than the bulk susceptibility is more credible. In this
compound, the PO, tetrahedrons at both sites (P1 and P2)
are connected to the four nearest Cu®>" ions via hyperfine
interaction.

The K(T) can be expressed in terms of ypin(7) as

K(T)=K,+

Anf
o i 7
Nasis Xspin (7

where K denotes the temperature-independent chemical shift
and 3! Ay denotes the average hyperfine coupling between the
31p nucleus and Cu®* ions. Figures 9(a) and 9(b) depict K(T)
as a function of T for Hey//c and He//a direction of the
single crystal. The ypin(7) is taken from Fig. 3(a).

The sample has a broad maximum at 25 K, confirming the
presence of short-range correlations. The inset of Figs. 9(a)
and 9(b) show the plot between K(7) and x (7') with a linear

fit. The plot demonstrates linear behavior across the whole
temperature range. It is to be noted that the K; and K, are
related to the P1 and P2 NMR lines. The knight shift values for
P1 and P2 atoms show slight variation for Hey//a, possibly
due to the difference in the connectivity of the P1 and P2
atom (see Table I). The values of Ay and K, are extracted
from the slope of the linear fit for both orientations. The values
obtained for the He//c orientation comes out to be (3.81 +
0.02) kOe/pp, (34.29 £+ 2) ppm for K; and (3.85 £ 0.02)
kOe/up, (36.62 £ 2) ppm for K,. Similarly, for the Hey //a
orientation the values comes out to be (5.04 &+ 0.02) kOe/ i,
(36.58 £ 2) ppm for K; and (5.63 %+ 0.02) kOe/up, (48.35
=+ 2) ppm for K. Further, the amplitude of the hyperfine field
(Table II) and the obtained average coupling constant were
used to calculate the ordered moment for both the orientations
of the crystal. For H.y//c, the average ordered moment comes
out to be 0.35 ug, whereas for Hey//a it comes out to be
0.42 ug. The NMR spectral data for both orientations, with
the external magnetic field aligned parallel to the ¢ axis and
parallel to the a axis, were analyzed using suitable Gaussian
fits to determine the full width at half-maximum (FWHM)
values. The FWHM of the *'P NMR spectra as a function
of T is shown in Figs. 9(c) and 9(d). It displays a broad
maximum at around 25 K, suggesting that FWHM traces the
bulk x(T), as expected. However, a notable increase in the
FWHM below 20 K was observed, which could possibly be
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FIG. 10. Plot of spin-lattice relaxation rate 1/T; as a function of T for 3'P nuclei in H.,//c and H.,//a direction is shown in (a) and (b).
The solid-red lines represent the power-law fit. The temperature dependence of 1/7;T x for both the orientations is shown in (c) and (d). The
inset in (a) and (b) shows the variation of the stretched parameter with temperature.

due to the development of an internal field as we approached
the magnetic ordering temperature (7).

3. Spin-lattice relaxation

To investigate the microscopic properties of 2D Heisenberg
antiferromagnets, it is necessary to measure the temperature
dependence of the spin-lattice relaxation rate 1/7;, which
provides information about the imaginary component of the
dynamic susceptibility x (g, w). The spin-lattice relaxation
for the single crystal was measured for Hey//c and Hey//a
directions using an inversion-recovery method. The 1/7; at
each temperature was determined by fitting the nuclear mag-
netization M(t) versus time ¢ using the single or stretched

exponential recovery function,
Al ®)
exp| —| = .
p T

The stretched exponent B provides the inhomogeneous
distribution of 1/7;. When the value of 8 becomes 1, then
Eq. (8) simplifies to a single exponential function, which
accounts for the homogenous relaxation. Near or below 7Ty,
1/T; was measured at the center of the broad NMR spectra to
avoid losing the intrinsic nature of the distribution of hyperfine
fields [59]. Figures 10(a) and 10(b) depict the temperature
dependence of 1/T; for 3'P nuclei in He//c and Hey//a
direction with a sharp peak at 10.5 K, confirming the presence
of magnetic LRO (7y = 10.5 K). The 1/7; data in the case

M()=M

of He//c is same for both P1 and P2 atoms, whereas for
H.//a there is a small change in the slope above Ty. To
understand the behavior of spins above Ty, the spin-lattice
relaxation data for both orientations is fitted with a power
law for varying temperature ranges. The data aligns well with
power-law behavior, yielding an exponent of 0.4 for Hey//c,
with the data for P1 and P2 atoms overlapping as anticipated
for spin-lattice relaxation. However, for Hey//a, we observe
two distinct power laws (0.5 and 0.3) for P1 and P2 atoms.
This may be attributed to slight environmental changes re-
lated to the phosphorous atoms, which are also evident in the
Knight shift data. This sublinear behavior in both orientations
of the single crystal indicates the appearance of short-range
spin correlations [62]. As the temperature dropped further, a
sharp anomaly was seen at Ty = 10.5 K due to the crucial
slowing down of fluctuating moments. As the critical fluc-
tuations and variations in the ordered state disappear below
TN, 1/T; rapidly declines toward zero. The temperature de-
pendence of the stretch exponent is illustrated in the inset of
Figs. 10(a) and 10(b). Above Ty, recovery curves conform
well to a single exponential function. However, below Ty, a
stretched exponential function was necessary. This is probably
due to the distribution of hyperfine fields resulting from the
incommensurate spin ordering below Ty. Finally, to exam-
ine the impact of spin fluctuation in the paramagnetic state
above Ty, we replotted the data by switching the vertical axis
from 1/T; to 1/T1Tx [see Figs. 10(c) and 10(d)]. There is a
direct relationship between 1/7;T and the imaginary part of
the dynamic susceptibility x”(g, wn), where wy is the NMR
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where kg is Boltzmann’s constant. The summation is over the
wave vectors ¢ within the first Brillouin zone in the preceding
equation, and A(g) represents the form factor of the hyperfine
interactions. The real part of x'(¢, wy) is the uniform static
susceptibility y = x'(0, 0), where both ¢ = 0 and wy = 0.
Consequently, by plotting 1/71Tx vs T, we can relate the
temperature dependency of Y g IA()>x" (g, wx) with the
uniform susceptibility x’(0, 0). In the high-temperature zone
T > 6cw, 1/T1Ty is almost temperature independent, as seen
in Figs. 10(c) and 10(d). This suggests that at higher tem-
peratures (above 80 K), the term »_ J |A(@))*x" (g, wx) scales
down to x’(0, 0). On the other hand, when we further go down
below Ocw, it increases with the decrease in temperature,
which suggests that the term ) q |A(¢)|*x" (g, wx) increase
more rapidly than x'(0, 0). This finding shows an increase in
spin fluctuations with ¢ # 0, which can be attributed to the
presence of AFM correlations.

E. Electronic structure calculations

In order to understand the ground state electronic struc-
ture of BaCu,(PO4),(H,0), density functional theory (DFT)
calculations are carried out using Vienna ab initio simulation
package (VASP) [64,65] where wavefunctions are expanded in
plane wave basis sets. Exchange and correlation effects are
treated within the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof [66]. Further, to account for the
correlation effects of Cu d-orbitals, Hubbard U = 6 €V is
included in the GGA+U framework.

The choice of U is made based on the previous studies on
Cu-based systems [67,68]. The kinetic energy cut-off is set at
500 eV. The Brillouin zone integration for a 4 x 3 x 4 k mesh
is performed using the tetrahedron method of Blochl [69].
We calculated the intersite exchange parameters using the
hopping parameters approach to understand the magnetism in
detail. Here, hopping parameters are calculated upto the fourth

NN by constructing maximally localised wannier functions
as suggested by Marzari and Vanderbilt [70]. These wannier
functions are constructed from the random initial projections
for bands dispersed near the fermi level using the wannier90
package [71] in a nonspin polarised setup. First, we examined
the nonspin polarised band dispersion along a high-symmetry
k-path in the first Brillouin zone of the orthorhombic lattice,
as shown in Fig. 11(a). The most striking feature of this
band dispersion is the appearance of a total of eight bands
around the Fermi level arising from the eight Cu ions in the
unit cell. Further, our orbital resolved partial density of states
corresponding to the Cu-d orbitals [Fig. 11(b)] reveals that
these bands have predominantly d,._,» characters, and they
are just half-filled.

This basic electronic structure is consistent with the ligand
field and +2 nominal charge state of Cu ions in this com-
pound. The Cu ions being in the square pyramid environment
of the O atoms and having a d° nominal occupation (42
charge state), we observe a half-filled d,»_y»-states in the pure
band theory. We will later show that these half-filled bands
will give rise to an insulating ground state due to the presence
of a strong electronic correlation (local Coulomb interaction
term U), as expected from the solution of the Hubbard model.
Since the low-energy physics of this materials is arising from
these d,>_y» bands around the Fermi energy, and they are
well separated from the rest of the bands, we constructed
effective Wannier orbitals using wannier90 formalism [71].
The superposition of interpolated Wannier bands on top of the
DFT bands is displayed in Fig. 11(c). This procedure provides
us the effective inter-atomic hopping parameters ¢, in a low-
energy tight-binding model where Cu-d,>_,- is the only active
orbital, and all the other orbitals are downfolded. The com-
puted #, for various Cu-Cu distances are shown in Table III. In
the limit of high U values, we can map the Hubbard model to a
Heisenberg model where antiferromagnetic coupling between

-y

Cu ions can be expressed as J,, = %. Hence, we computed the
strength of relative magnetic coupling (antiferromagnetic) be-
tween the nearest-neighbor Cu ions, as shown in Table III. We
note that this method has been widely employed for determin-
ing inter-atomic magnetic interactions [72,73]. These values
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TABLEIIIL. The relative magnetic exchange interactions between
Cu?* ions extracted from the hopping parameters of the 2D magnetic
layer.

Hopping Hopping parameters (meV) % = (};‘)2
1 120.13 1.00
t 93.98 0.60
13 91.56 0.58
ty 76.95 0.41

of the exchange couplings show that the titled compound has
four dominant couplings in the 2D magnetic layer, namely J;,
Jo, J3, and Jy [see Fig. 2(b)]. The strength of the J; coupling
is the strongest, whereas the relative magnetic strengths of
the other three couplings are comparable with each other.
Hence, the spin network of BaCu,(POy),(H,0O) can be con-
sidered a 1/3-depleted anisotropic 2D kagome lattice, which
has a reduced magnetic frustration compared to the perfect
2D kagome lattice. Next, we examined the relative stability
of various magnetic states within the GGA+U approach. The
obtained energies for configuration 1, configuration 2, and
configuration 3 are (0.0 meV/f.u.), (-8.38 meV/f.u.), and
(-15.57 meV/f.u.). We can see that configuration-3 is lowest
in energy where all four (first, second, third, and fourth NNs)
Cu spins are coupled antiferromagnetically (see Fig. 12). This
is consistent with our computed antiferromagnetic interaction,
as discussed above.

We finally discussed the electronic structure in the
lowest-energy magnetic state obtained from our calculations.
Figure 13 shows the computed total and partial densities of
states (DOS) for the Cu-d and O-p states. The total DOS
[Fig. 13(a)] clearly illustrates that the ground state is insulat-
ing with a band gap of 1.85 eV. To further grasp the true nature
of the insulating ground state, we analyze the projected DOS
around the Fermi level. It can be clearly seen that the Cu-d
majority spin channel [Fig. 13(b)] is fully occupied. However,
the minority channel is partially filled with a small spectral
weight above Fermi energy corresponding to the one hole in
the d-spectral function. This arrangement of d states around
the Fermi level in the magnetic state and an insulating ground
state in the presence of strong electronic correlation is consis-
tent with the Hubbard model physics, as discussed above. The
magnetic moment at the Cu?t site is estimated to be 0.72 B,
which is slightly less than the expected magnetic moment
in nominal 34° configurations. This quenching of magnetic
moment on the Cu site can be attributed to the hybridization

Configuration-2 Configuration-3

Configuration-1

FIG. 12. Different magnetic configurations for estimating the
lowest-energy state.
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FIG. 13. Density of states (DOS) for the AFM ground state from
GGA + U calculations (U = 6 eV). (a) Total DOS. (b) Cu-d partial
DOS. (c) O-p partial DOS.

effects of Cu-d and O-p orbitals around the Fermi level. Such
hybridization effect is visible from the appearance of O-p
states [Fig. 13(c)] in the same energy range as Cu-d states.
Thus, the correlation effect of the Cu-3d subshell and the
formation of local magnetic moments results in the occurrence
of an insulating ground state of the material.

IV. CONCLUSIONS

We have grown the single crystalline samples of
BaCu;(PO4),(H;0) using the hydrothermal technique. Based
on the DFT electronic structure calculations, the titled com-
pound has well-separated 1/3-depleted 2D kagome magnetic
layers with anisotropic magnetic interactions. The magnetic
susceptibility data shows a broad maximum at 25 K. The
appearance of a broad maximum in the magnetic suscepti-
bility and heat capacity reveals the low-dimensional nature
of the compound. The 3'P NMR local probe measurements
unambiguously show the presence of magnetic transitions
at Ty = 10.5 K. The NMR spectrum simulations at 4.7 K
suggest the AFM order is incommensurate in nature. The
temperature dependence of nuclear spin-lattice relaxation rate
(1/Ty) exhibits a distinct peak at Ty. While 1/7; falls very
steeply below Ty, indicating the disappearance of critical fluc-
tuations, it follows a sub-linear power law behavior above Ty,
suggesting the presence of dynamic short-range correlations,
which probably stems from the complex 2D spin network
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of the compound. A theoretical model on 1/3-depleted 2D
kagome lattice is further required to support our experimental
findings, especially the incommensurate LRO.
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APPENDIX: MAGIC ANGLE SPINNING - NUCLEAR
MAGNETIC RESONANCE (MAS-NMR) SPECTRUM

The high-resolution magic angle spinning (MAS) NMR
spectrum is shown to project the difference in the environment
of the two phosphorous atoms P1 and P2 (see Fig. 14). It
clearly shows that P1 and P2 are different; further analyzing
the sideband intensities allows us to determine the principle
values of the Knight shift tensor.

995
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FIG. 14. (a) High-resolution MAS NMR spectrum of powder
sample at ambient temperature; the asterisks denote the spinning
sidebands at multiple sample spinning frequencies from the main
line. (b) The pattern of the resonance frequencies at the rotation of the
single crystal about the ¢ axis; the solid lines are calculated positions
of the peaks belonging to the P1 sites (brown) and P2 sites (orange).
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