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We show that short-range resonating valence bond correlations and long-range order can coexist in the
ground state (GS) of a frustrated spin system. Our study comprises a comprehensive investigation of the
quantum magnetism on the structurally disorder-free single crystal of Cu,(OH);NO;, which realizes the s =
1/2 Heisenberg model on a spatially anisotropic triangular lattice. Competing exchange interactions determined
by fitting the magnetization measured up to 55 T give rise to an exotic GS wave function with the coexistence
of the dominant short-range resonating valence bond correlations and weak long-range stripe order (ordered
moment My = [(s{)| ~ 0.02). At low temperatures, a first-order spin-flop transition is visible at ~1-3 T. As
the applied field further increases, another two magnetic field induced quantum phase transitions are observed
at ~14-19 and ~46-52 T, respectively. Simulations of the Heisenberg exchange model show semiquantitative
agreement with the magnetic-field modulation of these unconventional phases, as well as the absence of visible
magnetic reflections in neutron diffraction, thus supporting the GS of the spin system of Cu,(OH);NO5; may be
approximate to a quantum spin liquid. Our study establishes structurally disorder-free magnetic materials with

spatially anisotropic exchange interactions as a possible arena for spin liquids.
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I. INTRODUCTION

The s = 1/2 triangular-lattice Heisenberg model (THM)
is a prototypical example of the geometrical frustration. Back
in 1973, the isotropic THM was initially believed to host a
resonating valence bond (RVB) quantum spin liquid (QSL)
ground state (GS), as proposed by Anderson [1]. Specifi-
cally, the nearest-neighbor (NN) RVB state is a superposition
of all the NN valence-bond (VB) states, where each spin
i forms a VB or singlet with one (j) of its nearest neigh-
bors, (|14 ) — |¢iTj))/ﬁ [2,3]. Since its initial proposal, the
RVB/QSL state has been becoming one of the leading issues
in condensed matter physics, due to its intimate relation to
the problem of high-temperature superconductivity [4] and its
potential application in topological quantum computation [5].

However, recent numerical studies have consistently found
that the GS of the isotropic THM is actually long-range 120°
Néel ordered [6,7]. The calculated GS sublattice magnetiza-
tion (order parameter) Mgf" =0.205 £ 0.015 [8-10] is smaller
than the classical value s = 1/2, suggesting the survival of
spin frustration and quantum fluctuations. Therefore scientists
still keep searching for QSL phases by adjusting the many-
body interactions in the s = 1/2 THM. For example, including
second-neighbor interaction (J;) may result in the gapless
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U(1) Dirac QSL behavior [11-14]. QSL phase/behavior may
also be induced by adding multiple-spin [15] or ring [16]
exchange interactions, or even quenched randomness [17,18].
Motivated by the experimental findings of Cs,CuCly, «-
(ET),Cu,(CN)3, etc., numerical works indicate that novel
GSs, including QSLs, spiral and columnar ordered states, etc.,
may be stabilized by the spatially anisotropic exchange inter-
actions in the THM [19-22]. However, most of the existing
numerical works are limited to the spatial anisotropy with only
two parameters (J and J’), and lack the quantitative descrip-
tions of experimental observations, e.g., the thermodynamic
data measured on real magnetic materials.

Experimentally, several prominent s = 1/2 triangular-
lattice quantum magnets have been extensively studied [23],

including k-(ET),Cuy(CN); [24], EtMes;Sb[Pd(dmit);]»
[25], YbMgGaO, [26,27], Cs,CuCly [28], CsyCuBry
[29], Ba3CoSb,09 [30,31], etc. Some of them, e.g.,

k-(ET)2Cuy(CN)3, EtMes;Sb[Pd(dmit),],, and YbMgGaO,,
even exhibit no conventional magnetic freezing down to
the lowest achievable temperature despite the relatively
strong couplings, and thus were proposed as promising QSL
candidates [24-26]. However, further characterizations of
these compounds have revealed the existence of profound
randomness caused by the inherent structural disorder
[32-34], which may account for the observed gapless QSL
behaviors [17,18]. The existing experimental evidence
for QSL remains circumstantial, and strongly depends on
theoretical interpretations [35]. Very recently, the Ising
triangular-lattice antiferromagnet NdTa;0;9 was proposed
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by Arh et al. as a quantum spin liquid candidate without
structural disorder [36]. Great efforts are still needed to
search for QSL among more real materials on the bucket
list. (i) Structural disorder has marginal effects, so that the
quantum magnetism of the real compound can be precisely
modeled. (ii) Conventional long-range magnetic or spin-glass
order is significantly suppressed by competing interactions,
to make way for QSL correlations. (iii) The compound
does not have strong complex interactions, e.g., interlayer
couplings and antisymmetric Dzyaloshinsky-Moriya (DM)
superexchanges, which make the many-body computational
costs extremely high. (iv) Large-size high-quality single
crystals are available for experimental study.

Cu,(OH)3;NO; (rouaite, space group P2,) is a structurally
disorder-free triangular-lattice quantum (s =1/2) magnet that
has been studied since a long time ago [37—40]. The spatially
anisotropic triangular-lattice spin Hamiltonian with six NN
Heisenberg exchange couplings was first estimated by Ruiz
et al. using density functional theory (DFT) and quantum
Monte Carlo [39]. Recently, Kikuchi et al. reported a long-
range antiferromagnetic order at Ty ~ 8 K according to the
thermodynamic and 'H-NMR measurements on the powder
sample [40]. However, such a magnetic order was not de-
tected by powder neutron diffraction as previously reported
by Drillon ef al. [38]. Therefore the GS nature and quantum
magnetism of the spatially anisotropic triangular-lattice com-
pound Cu,; (OH)3;NO3; remain mysterious to the community.

In this paper, we report a comprehensive investigation of
the quantum magnetism on the high-quality single crystal
of Cu,(OH);NOs3, including high-field magnetization mea-
sured in pulsed fields, specific heat, dc and ac susceptibilities
measured in stable fields, neutron diffraction, first-principles
calculation, and quantum many-body simulation. The frus-
trated spin Hamiltonian with six NN exchange parameters
determined by the high-field magnetization shows semiquan-
titative agreement with the low-7" experimental observations,
including the broad peaks seen in zero-field specific heat and
susceptibilities, the absence of visible magnetic reflections in
neutron diffraction, as well as the quantum phase transitions
driven by magnetic fields at ~1-3, ~14-19, and ~46-52 T,
respectively. Based on the refined microscopic model, we
find the zero-field GS wave function is a superposition of
many different states in the subspace ), s; = 0 and in favor
of the long-range zigzag-stripe state with a probability of
My/s ~ 0.04. Furthermore, the GS can be almost completely
represented in the NN VB basis, thus suggesting the formation
of dominant short-range RVB correlations in the spin system.
Our results show that the magnetic GS of Cu, (OH);NO3 may
be in the vicinity of a quantum spin liquid.

II. EXPERIMENTAL DETAILS

Single crystals of ~60% deuterated Cu,(OH)3;NO3 [more
precisely, Cuy(OHg4Dg)3NO3;] were grown by the tra-
ditional hydrothermal method. The starting materials of
Cu(NO3), - 3H,0 (10 mmol, 2.416 g), Lu(NOs)3 - 6H,0 (21
mmol, 9.849 g), and 4 ml D,O were mixed together and
charged into a 100 ml Teflon-lined autoclave. The autoclave
was heated to 503 K in a box furnace, and the tempera-
ture was maintained for three days. Transparent blue crystals
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FIG. 1. [(a) and (b)] Lattice structure of Cu,(OH);NO; viewed
along the ¢ and b axes, respectively. The interlayer coupling J, is
marked in (b). (c) The arrangement of the NN exchange couplings
(Y125 J1bs Jics J1ds J1e- and Jip) on the triangular lattice that is invariant
under the P2, space group symmetry of Cu,(OH);NOs3. The second-
neighbor exchange coupling J, is presented by the black double
arrow, and the unit cell is shown by the dashed lines. (d) Typical
as-grown single crystals of Cu,(OH);NOs.

with shining surfaces and a typical size of 3 x 2 x 0.5 mm?
were obtained [see Fig. 1(d)]. To see the possible sample
dependence and deuteration effect, we also synthesized the
nondeuterated crystals of Cuy(OH)3;NO; in the similar way
by using H,O instead of D,O [see Fig. 2(a)]. The good crys-
tallization quality was confirmed by x-ray diffraction (XRD),
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FIG. 2. (a) Single-crystal XRD (A = 1.5418 A) patterns mea-
sured on the ab plane of the nondeuterated and 60% deuter-
ated crystals. The inset displays as-grown nondeuterated crystals.
(b) Temperature dependence of the specific heat measured on the
nondeuterated and 60% deuterated crystals at selected fields. No
significant sample dependence is detected.
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FIG. 3. (a) Single-crystal XRD (A = 1.5418 A) measured on
the ab plane of Cu,(OH);NO;. The inset shows the full widths of
half maximum (FWHM) of the (0 0 4) reflection, 2A6 ~ 0.05°.
(b) Neutron diffraction patterns measured above and below Ty =
8 K, on the powder sample ground from the single crystals of
Cu, (OH);NO;. The red line shows the difference, the arrows mark
the theoretically expected magnetic reflections at Q = [1/2, 1, 0] and
[1, 0, 0], respectively, in the triangular plane, and the bars display the
structural reflections. (¢) The Laue XRD pattern.

and a set of very narrow (2A6 ~ 0.05°) reflections of (0 0 /)
with [ = 1-7 were observed [Fig. 3(a)]. Back-scattering Laue
XRD measurements (LAUESYS_V_674, Photonic Science &
Engineering Ltd) were carried out to determine the orienta-
tion of the single crystal [Fig. 3(c)]. The crystal structure of
Cu;,(OH)3NO3 was determined by single-crystal XRD (Mo
K., » = 0.71073 10\, XtaLAB mini II, Rigaku Corporation),
and the refined crystal structure was shown in Table II1.

Dc and ac susceptibilities of Cu,(OH)3;NO3 (up to 7 T,
down to 1.8 K) were measured in a magnetic property
measurement system (MPMS, Quantum Design) using well-
aligned single-crystal samples of ~70 mg. The specific heat
measurements (up to 9 T, down to 1.8 K) were conducted in
a Physical Properties Measurement System (PPMS, Quantum
Design), using a single crystal of 4.41 mg with the ab plane
perpendicular to the applied magnetic field. The contributions

of the N grease and puck were measured independently and
subtracted from the data. The high-field magnetization data
(up to 55 T, down to 1.5 K) were collected in pulsed fields
using a standard inductive method with a couple of coaxial
pickup coils at Wuhan National High Magnetic Field Center,
and calibrated by the low-field data measured in a MPMS.
Neutron powder diffraction measurements were performed
on the high-resolution powder diffractometer XUANWU at
China Mianyang Research Reactor down to the base temper-
ature of 5 K using 3.2 g powder of Cu,(OHg4Dg6)3NOs3,
with a monochromatic neutron wavelength of 1 = 1.8846
A generated from Ge(1 1 5) single crystal. The international
system of units (SI) is used throughout this work.

Based on the crystal structure determined by single-crystal
XRD, we conducted DFT+U calculations [41] to estimate
the strengths of exchange interactions for Cu, (OH);NOs;, in
the Vienna ab initio simulation package (VASP) [42,43] (Ap-
pendix B). The lattice specific heat of Cu,(OH);NO; was
calculated by VASP+PHONOPY, and subtracted from the mea-
sured total specific heat (Appendix D). We carried out exact
diagonalization (ED) and Lanczos diagonalization (LD) sim-
ulations for the thermodynamic properties, site magnetization
(s7), correlation function (s; - s;), and GS wave function, on
various clusters of n, x n, x 4 = n sites (spins) with periodic
boundary conditions (PBC). Here, n, and n,, are the lengths of
the cluster in units of a and b, respectively, and each unit cell
contains 4 Cu®" spins [see Fig. 1(c)]. By using the §¢ = j s§
symmetry of the spin system, we performed ED calculations
for the 12- and 16-site clusters with PBC. For the 20- and 24-
site clusters, we carried out ED calculations in the subspaces
of $* < Ssand > (n— 5)s, and then LD calculations with
50 Lanczos steps and 10 different randomly chosen states in
the other subspaces [41,44]. For the 36-site cluster with PBC,
we only conducted LD in the subspaces of S* = (n — 7)s
to (n — 4)s and ED in the subspaces of §° > (n — 3)s. The
finite-size effect of the calculated thermodynamic quantities is
insignificant even at low temperatures among various clusters
(Fig. 4). The classical Monte Carlo (CMC) simulations of
magnetization are conducted on a 2 x 6 x 4 cluster with PBC
(Fig. 4), where the spins are treated as classical vectors.

We fit the experimental data by minimizing

obs cal
Xob — X

1 2
R, = —_, 1
4 Nobs Z ( O_pbs ) ( )

1

where Nyps, Xiobs, and al-"bs are the number of the data points,
the observed value, and its standard deviation, respectively,
whereas Xf"" is the calculated value. In this work, we per-
formed the combined fits to both the field dependence of
magnetization M (H) and temperature dependence of suscep-
tibilities x (7') measured on single-crystal samples along three
different directions. These experimental bases contain total
2679 data points with more than six clear features, including
the zero magnetization at O T, slope of M (H) below H, (see
below), concrete values of the transition fields H., and H.;
(see below), intercept and slope of M(H) at H, < H < Hg,
nearly zero Weiss temperature from x(7°) (see Table IV),
hump temperature 7, ~ 10 K seen in x(7), small x(T) at
T — 0 K [see Fig. 4(b)], and so on. Therefore the experi-
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FIG. 4. Combined fits to (a) the isothermal field dependence
of magnetization measured at 4.2 K and (b) temperature depen-
dence of susceptibilities measured at 0.2 T, on the single crystal
of Cu,(OH);NOs;, using models 1 and 2. In model 1, we present
the quantum (s = 1/2) calculations on various clusters with PBC,
as well as the CMC results in the classical level. Comparison of
calculations with (c) the high-field magnetization measured at 1.5 K
and (d) specific heat measured at 0 T. The dashed blue lines show
(s7) =2s/3 and 5s/6.

M (gug/Cu)

mental M(H) and x (T') should set more than six constraints
in the combined fits, and all the six interaction parameters
(J1a, J1bs Jic» J1ds J1e» Jir) can be well determined. In our
fits, we started with three different sets of initial parameters,
the results of DFT+U and previously reported model 2 (see
Table I), as well as the arbitrarily selected Jj, = Jip = Jic =
Jia = Jie = Jir =40 K, but got nearly the same least-R), set of
exchange interactions (see model 1 in Table I). Moreover, the
experimental M (H) and x(T), as well as the aforementioned
features, are successfully fitted by the minimal model 1 with
the least R, = 1.24 close to the limit R, ~ 1 [see Figs. 4(a)
and 4(b)]. It is unrealistic to check R,, over the full parameter

TABLE 1. The strengths of the exchange interactions (in degrees
Kelvin) for Cu,(OH);NOs.

DFT+U model 1 model 2 [39]
J1a 3 7.2 —20
Jib 60 69 50
J1e 7 14 -9.9
Jia -7 —82 —15
Jie 3 =30 7.1
Jit 10 3.7 -29
J 0.7 0 0
Jo —-0.07 0 0

region due to the computational costs of the quantum many-
body calculation.

III. RESULTS AND DISCUSSION

A. Exchange Hamiltonian

From simulations of the microscopic model (i.e., the ex-
change Hamiltonian), in principle one can understand all the
observed properties of a spin system. However, the precise
determination of the exchange Hamiltonian can become a
key challenge in a real material, especially when there exist
significant complex interactions due to the structural disor-
der, spin-orbit coupling, etc. The 3d electron spin system of
Cu;,(OH)3;NOj3 without evident structural disorder and strong
spin-orbit coupling (see below), appears to be a perfect candi-
date for exploring exotic GSs.

The difference of properties among Cu®*", OH™, and NO3
ions is large [see Fig. 1(a)], and no site-mixing disorder was
reported to date, in Cup(OH)3;NO3. The complex magnetic
effect of quenched randomness that is widespread in the ex-
isting QSL candidates [35] [e.g., the notorious site-mixing
disorder of Cu?*/Zn** in ZnCu3(OH)sCl,] may be irrele-
vant to Cuy(OH)3NO;3;. Both the magnetic-ion defects and
nonmagnetic-ion disorder will induce quasifree local mag-
netic moments, and thus give rise to the Brillouin function
like magnetization that is a concave function of magnetic
field H at H — 0, as well as the upturn seen in sus-
ceptibility [41]. In contrast, the measured magnetization of
Cuy(OH)3NO;3; behaves as a convex function of H below
~1.5 T (see Fig. 5), which can be well understood by our
model 1 without any quasifree moments (see below). More-
over, the measured susceptibilities also exhibit no obvious
upturn of quasifree moments at low temperatures (see Fig. 6).
Therefore, in Cu,(OH)3NO3, the structural disorder, if it ex-
ists, has marginal effects on the quantum magnetism.

Cu,(OH);NO;s is a good insulator with no measurable con-
ductance at room temperature, thus the 3d electron of Cu?tis
localized spatially. The previously reported DFT work [39] in-
dicated that the long-distance (~6.9 A) interlayer interaction
J, [see Fig. 1(b)] is essentially negligible, in agreement with
our DFT+U result (Table I). Furthermore, our DFT+U cal-
culation suggests that the strength of second-neighbor (~5.3
A) intralayer coupling J, is more than one order of magnitude
smaller than those of the NN (~3.1 A) exchange couplings
Jis. Therefore we mainly restrict ourselves to the effective
model with only NN Heisenberg exchange couplings for
Cu,(OH)3NOs, as previously reported in Refs. [39,40].

The anisotropy of the exchange interaction indeed has
effects on the magnetism of Cu,(OH);NO;3 at the energy
scale of ~1 K, because the measured magnetization shows
anisotropy between ~ —2 and 2 T (see Fig. 7). How-
ever, at higher energy scales (|ugH| > 2 T), the anisotropy
gets insignificant as shown in Fig. 7. Therefore the mini-
mal isotropic model can provide at least a semiquantitative
description of the quantum magnetism of Cu,(OH);NO3 at
higher energy scales (>1 K). Of course, to account for the
detailed magnetic anisotropy at the low energy scale one has
to include the anisotropic exchange terms in the spin Hamil-
tonian. Like most Cu®*-based oxides [41,45], Cuy(OH);NO;
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FIG. 5. [(a) and (b)] Magnetization of Cu,(OH);NO3; measured
at selected temperatures parallel to the a and b axes, and perpendic-
ular to the ab plane, vs increasing (up) and decreasing (down) the
magnetic field. (c) The field dependence of magnetization calculated
at 1.8 K by model 1 on various clusters. The inset in (b) shows the
susceptibility (dM,/dH) measured at 1.8 K along the b axis. The in-
sets of (a) and (c) present the GS ordered moments (M, = |(s;)|) and
low-lying energy levels, respectively, calculated on various clusters
with different PBC at O T.

contains a weak anisotropic superexchange (DM) interac-
tion (~0.1J;, see Appendix C), which should play a less
important role. However, the inclusion of the symmetrically
allowed nearest-neighbor DM terms requires 18 more param-
eters (each inequivalent Cu-Cu bond needs three parameters,
Dy, Dy, and D.). The experimental determination of this spin
Hamiltonian requires at least 24 constraints, and thus seems
technically unrealistic at present. Moreover, the D, and D,
terms do not commute with the spin operator $¢ =) ; sj:
(thereby, one can no longer use the S° symmetry), and make
the many-body computational costs extremely high. Therefore
including DM terms makes the problem even less tractable.
From a combined fit to the high-field magnetization
measured at 4.2 K! and T dependence of susceptibilities
[Figs. 4(a) and 4(b)], we determine all the strengths of the NN
Heisenberg couplings with the least R, = 1.24 [see Eq. (1) for
the definition], as used in our model 1 (Table I). The strengths

I'The finite-size effect of the calculated magnetization gets negligi-
ble above ~4 K, as shown in Fig. 4(a).
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FIG. 6. (a) Temperature dependence of specific heat measured
at various magnetic fields applied perpendicular to the ab plane of
Cu,(OH);NO;. (b) Magnetic susceptibilities measured under zero-
field cooling (ZFC) and field cooling (FC) parallel to the a and
b axes, and perpendicular to the ab plane. The possible transition
temperatures of T, Ty, and T; are marked. (c) Temperature depen-
dence of the ac susceptibilities (real parts) measured on the single
crystal of Cu,(OH);NO; down to 1.8 K. Inset of (c) shows the
calculated distribution of the probabilities of most preferred states
in the zero-field GS (see main text).
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FIG. 7. Magnetic loops of Cu,(OH);NO; measured at 1.8 K
parallel to the a and b axes, and perpendicular to the ab plane. Inset
shows a zoom in plot of the data around O T.
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of all six NN Heisenberg couplings first given by Ruiz et al.
[39], are represented as model 2 in K (Table I). In model 2,
the couplings along the Cu’>T(A) and Cu®*(B) chains (see
Fig. 1), J1» = —20 K and Jjp = 50 K, are stronger than all
the others. As a result, the spin system of Cu,(OH)3NO3; was
expected to be composed of the independent ferromagnetic A
and antiferromagnetic B chains in the recent work reported by
Kikuchi et al. [40], and the ordered moments of (s°)5 ~ 0.5
and (s*)p ~ 0 were predicted at 0 T [40]. Our more strict
many-body computation of the full model 2 also points to
a similar GS with more precise (s°)a ~ 0.22 and (s%)p ~
0.00. However, such a ferromagnetic component was never
observed experimentally in Cu,;(OH)3;NOs3. For instance, no
evident remanent magnetization® is detected on the single
crystal of Cu(OH)3NO3 down to 1.8 K (see inset of Fig. 7).
Moreover, model 2 conflicts with the experimental magnetiza-
tion below ~15 T [Figs. 4(a) and 4(c)], low-T susceptibility
[Fig. 4(b)] and specific heat [Fig. 4(d)]. In comparison, the
simulations of our model 1 show better agreement with the
experimental thermodynamic data (Fig. 4), as well as other
observations (see below).

B. Zero-field ground-state properties

Given that model 1 provides a semiquantitative descrip-
tion of the magnetic and thermodynamic data measured on
Cu,(OH)3NOj (see Fig. 4), we explore the mysterious GS
nature by diagonalizing this exchange Hamiltonian without
tuning parameters. After ED, the zero-field GS wave function
is found to be a superposition of abundant basis states in the
subspace of §° = » .57 =0, | GS) = kNil fx | k). Here, Ny
= C"/? is the total number of the basis states (i.e., the dimen-
sion of the subspace), and | k) are listed in descending order
by probabilities, i.e., | fi|> = |fir1]>. We further calculate the
integrated weight F(N) = Zszl | fe|%, as a function of N /Ny
[see inset of Fig. 6(c)]. Based on F (), a macroscopic number
of basis states (N > 0.1Np) are required to approximately
(290%) produce | GS), at odds with the conventional (strong)
long-range collinear magnetic ordering.

Among all the basis states in the $S* = 0 subspace,
the collinear zigzag-stripe state® has the highest probability,
|fi]> = My/s ~ 0.06(2) at n — 24 [see inset of Fig. 5(a)],
which is still tiny but more than 5 times larger than |f>|%.
Therefore the calculations of model 1 suggest the formation
of a very week long-range zigzag-stripe order with My =
0.03(1) [see Fig. 8(a)] at O T and low T, which breaks the
space group symmetry (—x, y+1/2, —z) and may account for
the weak antiferromagnetic order observed in Cu,(OH)3;NO3
(see below). Furthermore, the calculated NN correlation func-
tions clearly exhibit a trend of parallel arrangement of spins
along the zigzag chains with (s;-s;) = 02 — 1/4 [see
Fig. 8(a)] because of the strongest ferromagnetic coupling J;4
[see Fig. 1(c) and Table I]. This also strongly supports the
formation of the long-range collinear zigzag-stripe order at

2Model 2 predicts a remanent magnetization value of 0.11g g /Cu
~0.24 pg/Cu.

3Please note that the symmetrical {s¢} and {—s%} with the equal
amplitude belong to the same state.
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FIG. 8. GS magnetic structures of (a) zigzag-stripe order along
the a axis at 0 T, (b) LF-stripe order along the b axis at 10 T, (c) pos-
sible 2/3-plateau state at ~30 T, and (d) possible 5/6-plateau state
at ~54 T, calculated by model 1. The large circles present the site
magnetization, whereas the small squares show the local correlation
functions of the NN spin pairs sharing the same color scale. The inset
defines the coordinate system for the spin components, and the A and
B chains are marked.

0 T and low T'. The finite-size (1/n;) dependence of the zig-
zag stripe ordered moment M suggests My ~ 0.022 +0.013
in the thermodynamic limit (1/n, — 0) [see Fig. 9(a)].

Our zero-field specific heat (C,,) measured on single-crystal
samples also exhibits a broad peak at 7y ~ 8 K [Fig. 2(b)], but
its absolute value (e.g., C, ~ 9.4 JK~! mol~! FU~! at 20 K)
is only about one third of that previously reported on powder
samples (C, ~ 30 JK~! mol™! at 20 K) [40]. To figure this
out, we also carefully measured the specific heat of the non-
deuterated crystal (4.45 mg). There is no essential difference
between our data independently measured on the 60% and non
deuterated crystals [see Fig. 2(b)]. Moreover, our specific heat

0.09

(a) %0 (c)
0.06 g
Eo . . | ] 5 20
0.03 " E 10
0.022+0.013 0.40+0.08 K
0.00
b d
O g 5| @
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< 5 '-'<-1| 5
0.45+0.07 K -0.13+£0.05 K
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FIG. 9. Finite-size (1/n,) dependence of (a) the zigzag stripe
ordered moment M), and spin gaps at (b) S°/n = 0, (c) 1/3, and
(d) 5/12, calculated by using model 1 along the b axis. The black
lines present the empirical linear fits, whose intercept values are
listed. It is worth to mention that the antiferromagnetic correlations
driven by J;;, are mainly along the b axis.
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FIG. 10. (a) Inverse magnetic susceptibilities measured in the
field of 0.2 T parallel to the a and b axes and perpendicular to the
ab plane, respectively. The colored lines display the Curie-Weiss
fits from 50 to 350 K. (b) Zero-field specific heat measured on the
single crystal of Cu,(OH)3;NOs. The black line shows the lattice
contribution calculated by VASP+Phonopy. The inset presents the
magnetic entropy increase from 1.8 K (per mole Cu®*), where the
dashed lines show AS,, ~ 22%RIn2 at Ty ~ 8 K.

data are consistent with the ab initio calculations at high tem-
peratures, and the magnetic entropy estimation AS,,(T — o0)
— RIn2 [see Fig. 10(b)]. It is also worth to mention that the
suspicious drop of C,, between 7 and 9 T above Ty reported in
Ref. [40] is clearly absent in our data [see Fig. 2(b)].

The susceptibilities also show broad humps at 7, ~ 12 K,
which is consistent with the powder result [40] but a bit
higher than 7. As the temperature further decreases, another
weak anomaly is observed in both ac and dc susceptibilities
measured on the single crystal at 7, ~ 5 K and puoH ~ 0 T,
which has not been reported in the previous powder works.
These anomalies indicate the formation of antiferromagnetic
order, but not a strong one, otherwise the transition temper-
ature will be well defined and independent of probes used.
Moreover, the neutron diffraction, which is the most reliable
method for characterizing long-range magnetic order so far,
shows no remarkable difference between the patterns at 5
and 20 K [see Fig. 3(b)], measured on the powder ground
from the single crystals of Cuy(OH)3NO3; [more precisely,
Cu,(OHg 4D 6)3NOs]. The absence of any visible magnetic
reflections is consistent with the result previously reported by

TABLE II. GS energies per site (Ey/n), magnetization (S°/n),
and spin (triplet, AS* = %1) gaps calculated under selected magnetic
fields by using model 1 on various clusters with different PBC.

Ix3x4 2x3x4 1x6x4 1x9x4
0T, Ey/n (K) —21.28 —21.03 —21.00 -
S¢/n 0 0 0 -
AE(S%) (K) 5.1 2.8 2.8 -
10T, Ey/n (K) —22.41 —-22.37 —22.33 -
S¢/n 1/6 5/24 5/24 -
AE(S%) (K) 0.4 1.1 1.2 -
~30T, Ey/n (K) —-31.32 —-31.35 —30.96 —30.89
S¢/n 1/3 1/3 1/3 1/3
AE(S%) (K) 21.5 214 11.0 7.4
~54 T, Ey/n (K) —43.93 —43.94 —43.74 —43.70
S¢/n 5/12 5/12 5/12 5/12
AE(S%) (K) 11.0 10.8 54 3.6

Drillon et al. [38], and indicates that the ordered magnetic
moment is small, M, < 0.14.* Moreover, this upper bound
may be overestimated, compared with the standard deviations
(~0.01-0.04) of the ordered magnetic moments directly re-
fined from the observed intensities of magnetic reflections
(see Ref. [46], for example). Therefore the GS order parame-
ter of the zigzag-stripe antiferromagnetic state calculated by
model 1, My ~ 0.02, provides a natural explanation of the
above observations. M is even much smaller than that of
the long-range 120° order stabilized in the s = 1/2 isotropic
THM, M(i)SO = 0.205 £+ 0.015 [8-10], thus suggesting the pos-
sible existence of much stronger spin frustration and quantum
fluctuations in the anisotropic magnet Cu, (OH);NO;.

The magnetic entropy increase up to Ty ~ 8 K is estimated
to be only AS,,(Tn) ~22%RIn2 [see the inset in Fig. 10(b)],
and it keeps increasing above Ty, in Cu;(OH)3;NOs. Simi-
larly, AS,,(Tx) ~25%RIn2 and 20%RIn2 were reported in the
triangular-lattice antiferromagnet CeCd3Ass [47] and the hon-
eycomb Kitaev system o-RuCl; [48], respectively. Therefore
AS,,(Tn) of Cup(OH);NO; is comparable to those of many
other two-dimensional frustrated compounds, also supporting
the presence of spin frustration.

The low-energy spectra of the 1 x 3x4, 1 x 4x4, and
2 x 2 x 4 clusters with PBC [see inset of Fig. 5(c)] were cal-
culated by ED of model 1, and show a qualitatively consistent
result. The GS is a superposition state in the S° = 0 subspace,
whereas the first excited states are threefold degenerate in
three different subspaces of S%, S°+1, respectively. For larger
clusters, we have to turn to the LD algorithm, where both the
GS wave function and energy in each subspace can also be
calculated precisely. The zero-field energy gap between the
ground and first excited states (i.e., the difference between GS
energies in the $* = 0 and 1 subspaces) decreases with the

4The upper bound of the ordered magnetic moment is estimated
from the measured intensity of the (0 0 2) nuclear reflection /°* =
1756 and its standard deviation 0% = 10, My < /F20°s/I%s/F2,
where F2 = 1.4 x 10? fm? is the nuclear structure factor per unit cell,
F? =408 fm? is the magnetic structure factor of the hypothetical
long-range state with s = 1, and 1 fm = 10> m [53].
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increase of the cluster size, but seems to have a nonzero value
atn — 24, AE(0) ~ 2.8 K (see Table II). This quasispin-
gapped behavior (triplet, AS® = +£1) of the GS is visible in
the low-T magnetization (M) measured on the single crystal
of Cu,(OH)3;NO3, which is a convex function of H at low
H [Fig. 5, including M, measured along the b axis, please
see dMj/dH in the inset of Fig. 5(b)] and semiquantitatively
described by model 1 [Fig. 5(c)]. On the other hand, the
very weak long-range antiferromagnetic order (M, ~ 0.02)
suggests the existence of very rare low-lying energy levels
(i.e., gapless excitations with a low density of states) accord-
ing to the Goldstone’s theorem, and thus the nonzero values
of calculated AE(0) may be a finite-size effect. Indeed, the
calculated spin gap is expected to be much smaller, AE(0)
~ 0.45 £ 0.07 K, in the thermodynamic limit, as shown in
Fig. 9(b).

C. Field-induced magnetic transitions

Asymmetric magnetic hysteresis is clearly observed in
the low-7T isothermal magnetization measured with the field
applied along the a axis [see Fig. 5(a)], indicating there ex-
ists a first-order magnetic transition (spin-flop transition) at
~0.8-2 T. Perpendicular to the ab plane, the low-T magnetic
hysteresis gets less apparent and occurs at slightly higher
fields of ~1.2-3.4 T [see Fig. 5(b)]. The spin-flop transition at
H_; becomes invisible, only when the magnetic field is applied
along the b axis. As the applied magnetic field increases fur-
ther, another two magnetic transitions are detected at poHe ~
13.8-18.6 T and poHc3 ~ 46.2-51.6 T, respectively, in the H
dependence of susceptibilities (dM /dH) measured at 1.5 K
along all three different directions [see Fig. 11(a)]. Above
~6.5 K, these field induced magnetic transitions are almost
undetectable in the dM /dH curves, as shown in Fig. 11(b).
The spin system gets fully polarized above poH; ~ 63 T ex-
trapolated from model 1 [Fig. 4(c)], and we focus on different
GSs stabilized by external magnetic fields of ~10, 30, and
54 T, respectively.

To explore the exact nature of these magnetic field induced
phases, we also fall back on model 1. Although the detailed
orientation dependence of the magnetization clearly cannot
be explained by Heisenberg exchange interactions, we believe
that our minimal model 1 nevertheless semiquantitatively de-
scribes the overall trend of the M-H curves (see Figs. 4
and 5). At ~10 T, the calculated site magnetization, (s;) =
(GS | 57 | GS), shows a long-range collinear stripe ferrimag-
netic order along the b axis, i.e., the magnetic-ordering wave
vector Q(H,; < H < Hy) is [1, 0, L], with {s%)s ~ 0.32 and
(s*)g ~ 0.09 [Fig. 8(b)]. In contrast, the calculated zero-field
zigzag-tripe GS magnetic order is much weaker, My ~ 0.02,
and along the a axis with Q(0 T) = [1/2, 1, L] (see above).
The profound change of Q from the zigzag-stripe phase at 0 T
to the low-field (LF) stripe one at ~10 T may account for
the spin-flop transition observed at poHc ~ 0.8-3.4 T (see
Fig. 5). When the applied magnetic field exceeds the critical
value H,, the zigzag-stripe antiferromagnetic spin configura-
tion [see Fig. 8(a)] is driven into the collinear ferrimagnetic
order [see Fig. 8(b)] at low temperatures. Model 1 suggests
the possible existence of the weak antiferromagnetic order,

o
®

——H]||l a
——H]|| b
—— Hlab

dM/dH (10°® m3/mol-Cu)
o
~

;

— 09F —————-- - -—— - ———— - -2
3os B _ — .
S Q

= ¥

3 2

S s

5

T

kS|

=

©

FIG. 11. Magnetic field dependence of susceptibilities (dM /dH)
measured at (a) 1.5 K and (b) higher temperatures, on the single
crystal of Cu,(OH);NOj;. The colored arrows mark the transition
fields observed at 1.5 K. The inset of (b) shows the magnetization
measured along the a axis, and the dashed lines display M, = g,/3
and 5g,/12.

and semiquantitatively describes the spin-flop transition (see
Fig. 5).

The quantum simulations of model 1 with the cluster size n
divisible by 12 consistently suggest the possible formation of
two fractional magnetization plateaus in the subspaces of S°
=n/3 and 5n/12 at ~30 and 54 T, respectively [see Fig. 4(c)
and Table II]. The first magnetization plateau between H,
and H_; is clearly observed in the magnetization measured at
1.5 K [please see inset of Fig. 11(b) for clarity], whereas the
second plateau above H,; is less visible. When the strength of
the applied magnetic field approaches the maximum ~55 T,
the signal-to-noise ratio of magnetization gets relatively low,
due to the slow change of the pulsed field strength and the
maximum vibrating amplitude. Moreover, the field range of
the second plateau seems to be very short even if it exists,
according to model 1.

We evaluate the stabilization of the putative fractional
magnetization plateau by the spin gap defined as, AE(S%)
= [Eo(S*+1)+E(S°—1)]/2—Ey(S7) °, where E((S7) presents
the GS energy in the S° subspace. Above H.,, AE(S?) strongly
depends on the cluster length along the b axis n;, (see Table II),
thus suggesting the formation of long-range entanglements
along the chain B [the Cu?* spins of chain A are nearly fully
polarized at H > H,,, see Figs. 8(c) and 8(d)]. As shown in
Figs. 9(c) and 9(d), the calculated spin gaps of both plateaus,

SBecause the selected magnetic field does not necessarily ensure
Ey(S* 4+ 1) = Ep(S*—1).
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AE(n/3) and AE(5n/12), tend to zero in the thermodynamic
limit, and thus these plateaus may be not stable in the isotropic
exchange model 1. On the other hand, the magnetic field
induced transitions at H, and H.3 are apparent in the exper-
imental magnetization at 1.5 K (Fig. 11). Thereby, it is still
an open question whether additional interaction terms (e.g.,
DM exchange) are necessary to understand the experimental
observations of these magnetic field induced transitions at low
temperatures.

In sharp contrast, the classical calculations (i.e., CMC)
with the same Heisenberg exchange parameters of model 1
completely fail to reproduce these putative fractional magneti-
zation plateaus and magnetic field induced transitions (Fig. 4).
This suggests that the quantum fluctuations play a critical role
in stabilizing these novel plateau phases and the magnetic
transitions among them in Cu, (OH)3NOs.

D. Short-range resonating valence bond correlations

In Cu,(OH)3NOs, the possibility of the conventional long-
range antiferromagnetic order with a strong order parameter
is precluded by the absence of visible magnetic reflections
in neutron diffraction [38] [see Fig. 3(b)] and the relatively
broad/weak anomalies seen in the specific heat and suscep-
tibilities (see Fig. 6). No clear remanent magnetization at
0 T is observed (see Fig. 7), suggesting the absence of the
conventional ferromagnetic order. Furthermore, the spin-glass
freezing is also excluded, as the ac susceptibilities show no
obvious frequency dependence [see Fig. 6(c)]. All of these
observations consistently point to a very unconventional mag-
netic GS in Cu,(OH);NO5 at 0 T.

Figure 8 shows the local correlation functions (s; - s;) of
the NN spin pairs (ij) calculated by model 1, and no evident
NN dimer freezing is observed, (s;-s;) > —0.42, which is
essentially different from the cases in the s = 1/2 frustrated
systems with quenched nonmagnetic impurities [49] or bond
randomness [41] (where the strongest correlation is (s; - ;) ~
—0.7 = —3/4). Therefore neither the static VB crystal nor
VB glass theory [50] is suitable for understanding the GS
nature of the spin system of Cu, (OH)3;NO;. The applied mag-
netic field will further increase (s; - s;), and gradually modify
the dimension of the spin system from quasi 2 to quasi 1 (see
Fig. 8).

As a result, it may be practical to represent the zero-field
GS wave function | GS) in the VB basis. Both the low-T
magnetization measured below 5 T and calculations of model
1 show a quasispin-gapped nature (see above), and the LD/ED
simulations have marginal finite-size effect at O T, thus imply-
ing the dominant short-range spin-spin correlations. Thereby,
we further restrict ourselves to the NN VB basis, similar
to Ref. [49]. We represent the zero-field GS wave functions
calculated on the 1 x 3x4, 2 x 2x4, and 2 x 3 x 4 clusters
with PBC in the corresponding NN VB bases, and the re-
sults are highly similar. For the largest cluster, there exist
60744 different NN VB states | VB) = 272 (111
)= Ili1},)), where each spin i forms a singlet/VB with one
of its nearest neighbors j; [see Fig. 12(a)]. However, these
VB states are nonorthogonal [51], and construct a Nyg =
52104-dimensional Hilbert space with the orthonormal basis
| VB}) = Y, Cex | VBi). We approximately represent | GS)

in the NN VB basis by

IGS) ~ Z(VBLfIGS)Ck%IVBk)- @)
k' k

Here, Y, [(VB}, | GS)|*> = 0.882,0.995 for the 1 x 3x4,2 x
2 x 4 clusters,® respectively, suggesting the representation of
| GS) in the NN VB basis is nearly complete.

In the triangular-lattice magnet of Cu,(OH);NOs, the ex-
change interactions are spatially anisotropic [see Fig. 1(c) and
Table I]. The GS spin-spin correlations calculated by model
1 are of course anisotropic as well, but nearly invariant under
the space group symmetry due to the tiny M, [see Fig. 8(a)].
As aresult, | GS) of model 1 is not an exactly equal-amplitude
superposition of all | VB ), which is essentially different from
short-range spin liquids in isotropic cases, and is a prominent
feature of the spatially anisotropic counterparts. More specifi-
cally, the NN VB states with VBs along the b axis have larger
amplitudes |C;| = | >, (VB}, | GS)Cr| [see Fig. 12(a), for
example], at | GS) of model 1. The completeness of the repre-
sentation of the GS wave function in the RVB basis indicates
the existence of dominant NN RVB correlations, and thus the
low-T phase of the spin system of Cu,(OH);NO3; may be in
the vicinity of a short-range QSL.

To simulate the wave-vector (Q) dependence of neutron
scattering intensity, we further calculate the structure factor
of the ground state by

SHQ = — Z GS|s%s%|GS) expliQ - (R; —R;)],  (3)

where R; is the position vector of the jth spin. As shown in
Fig. 12, the continuum of excitations broadly distributed in Q
space exhibits relatively weak finite-size effects. The Q de-
pendence along [0, K, 0] is more pronounced than that along
[H, 0, 0], suggesting the short-range antiferromagnetic corre-
lations are mainly along the b axis because of the strongest
antiferromagnetic J,. However, at present the smoking gun
experimental evidence of the RVB correlations remains ab-
sent, which requires further investigations on Cu,(OH);NOs.

E. Discussion

Quantum simulations of the refined Heisenberg model
1 show semiquantitative agreement with the experimen-
tal observations on the high-quality single crystal of
Cuy(OH)3NOs3. (1) The thermodynamic data, including the
magnetic field dependence of magnetization measured at 4.2
and 1.5 K up to 55 T and the temperature dependence of
magnetic susceptibilities and specific heat, are semiquantita-
tively described by the same model 1 (see Fig. 4). (2) The GS
wave function given by the same model suggests a long-range
zigzag-stripe antiferromagnetic order with a weak collinear
sublattice magnetization My ~ 0.02 [see Fig. 8(a)], which
may explain the antiferromagnetic order seen in specific heat,
susceptibilities (see Fig. 6), as well as possibly in the reported

%The completeness can be exactly calculated only for the smaller
clusters due to the total memory limit ~0.8 TB, e.g., 1 x 3 x 4 and
2 x 2x4, where Nyg = 36 and 1309 are small.

085119-9



LONG YUAN et al.

PHYSICAL REVIEW B 106, 085119 (2022)

(@)

B
e

IGS) ~ C,

>§<
iy

¥ Y VY X A VA VAN 4

+..4+C01 ! +...+Cgpy

i

>
>

Bl b e
<

3

[H, 0, 0]

high

low

/0
— N

1

[H, 0, 0]
o

2

0
[0, K, 0]

FIG. 12. Zero-field GS wave function of model 1 approximately represented in the NN VB basis. The thick red lines mark the NN VBs or
singlets, the dashed blue lines display the 2 x 3 x 4 cluster with PBC, and the amplitudes of the selected NN VB states are |C;| = 4.8/ VMg,
ICjol = 4.2/ Ny, 1Cio;1 = 3.0//Nyg, |Ciy| = 2.9//Nyg, |Cioy| = 2.8/+/Nyg, and |Clq, | = 2.7/+/Nyg, tespectively. The wave-vector
dependence of the structure factor calculated for the ground state of model 1 [see Eq. (3)] on (b) the 2 x 3x4, (c) 1 x 6x4,and (d) 3 x 2 x 4
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NMR spin-lattice relaxation rates on the powder sample [40].
(3) The calculated M ~ 0.02 is smaller than the sensitivity of
the neutron diffraction method and thus qualitatively accounts
for the absence of visible magnetic reflections reported in
previous [38] and present works [see Fig. 3(b)]. (4) The low-
field magnetization shows a spin-flop transition at H,; applied
along the a axis and perpendicular to the ab plane, semiquanti-
tatively consistent with the simulation of model 1 (see Fig. 5).
(5) Two high-field induced phase transitions at H., and H.3
are clearly observed in the magnetization measured at low T
up to 55 T (see Fig. 11), semiquantitatively consistent with the
calculations of model 1 with the cluster size up to n = 36 (see
Table II), thus suggesting the possible existence of 2/3- and
5/6-plateau states stabilized by quantum spin fluctuations. (6)
The model 1 suggests the onset of the staggered magnetic
moments at low temperatures, and can qualitatively account
for the apparent broadening of the NMR spectrum reported in
Ref. [40] (Fig. 13).

Given that the minimum model 1 provides an apt descrip-
tion of the quantum magnetism of Cu,(OH);NOs, we are
able to experimentally determine the temperature-field phase
diagram (see Fig. 14), with the benefit of the many-body com-
putation. The first-order nature of the field-induced magnetic
transition at H.; is evidenced by the asymmetric magnetic
hysteresis. In contrast, the field-induced magnetic transitions
at H.; and H.; are second-order, as no significant difference
of H,, (or H.3) is found between up and down sweeps of the
pulsed field (see Fig. 14).

Despite the success of model 1, our thermodynamic
quantities measured on the high-quality single crystal of
Cu,;(OH)3NO; clearly exhibit the anisotropic nature in the
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FIG. 13. The square of the zigzag stripe ordered moment cal-
culated by using model 1. The inset shows the simulations of
H-NMR spectra. There exist three different Wyckoft positions of H
(H1, H2, and H3) and two different Cu positions (Cul and Cu2)
in Cuy(OH);NOs3, and thus the hyperfine coupling between the H
nuclear and local Cu®" electronic spins is distributed, which may
account for the broadening of the spectrum below Ty [40], instead
of the splitting. fo =' yauoH and f represent the reference and
measuring frequencies, respectively.

085119-10



POSSIBLE COEXISTENCE OF SHORT-RANGE ...

PHYSICAL REVIEW B 106, 085119 (2022)

100
E Hl|a H||b HLab
;i!”_"S_’ EM‘-- —a———=5/6-plateau? ll ﬂ e HF dM/dH up
L ' o o o HFdMdHdown
I 2/3-plateau A A A dcyT
L o v v ac (T
2z o . = MPMS dM/dH up
10E = o MPMS dM/dH down
. F LF-stripe * C,
=
I -
L F - -3 : TPM
5 >4 AV \
R o v L
1 E o ; \\P:E ‘|¢ v \\ v
- e v i
[ 1
LINN RVB + LRO? ' NN RVB? ]
i i '. "
oI |,
2 4 6 8 10 12 14
T (K)

FIG. 14. T-H phase diagram of Cu,(OH);NO;. The high-field
(HF) and MPMS magnetization (M) with the applied field (H)
sweeping up and down, dc and ac susceptibilities (x and x’),
and specific heat (C,) are measured on the high-quality single-
crystal sample. Error bar on each scatter presents the width of the
peak/anomaly observed in the H or T' dependence of dM /dH or C,,
(i.e., the second derivative of the free energy). The spin system is
at the thermally induced paramagnetic state (TPM) at high tempera-
tures, and expected to form both the dominant NN RVB correlations
and weak long-range zigzag-stripe order (LRO) at ~0 T and low
temperatures, according to model 1.

spin space at low temperatures (see Fig. 14), which is, of
course, beyond any Heisenberg models. Besides that, the
measured magnetic susceptibilities and specific heat show
deviations from the Heisenberg model 1 below ~10 K
[Figs. 4(b) and 4(d)]. These observations indicate the exis-
tence of higher-order anisotropic superexchange of ~0.1J,
(see Appendix C) due to the weak spin-orbit coupling of the
3d electron [52], which also requires further investigation on
CUQ(OH)3NO3.

There exist six different NN interaction parameters allowed
by the P2, space group symmetry of Cu, (OH);NO3, and thus
it seems unrealistic to calculate the complete ground-state
phase diagram in the complex interaction parameter space.
One might simplify the problem, for instance, by assuming
Jia ~Ji ~J and Jic ~ Jig ~ Jie ~ Jir ~ J’, and obtain the
well-known J-J' model on the spatially anisotropic triangu-
lar lattice [19]. Spin-liquid phases are expected, as long as
the spatial anisotropy is relatively strong, J'/J < 0.8 [19].
Thereby, a spin-liquid ground state is very likely to form
in the spatially anisotropic triangular-lattice model. Loosely
speaking, model 1 may be not far away from the J-J' model,
as the strongest antiferromagnetic couplings Ji, ~ 70 K and
Jia ~ 7 K are indeed along the “chain” direction (the b axis),
and other “interchain” couplings are either much weaker or
ferromagnetic. Moreover, the spin gap calculated by model
1 is very small in the thermodynamic limit [see Fig. 9(b)],
which also seems to be consistent with the predictions of the
J-J' model with J'/J < 0.8 [19]. Essentially, both model 1
used in this work and the previous J-J/ model suggest that
the strength of the spatial anisotropy can increase quantum
fluctuations and can suppress conventional magnetic order.

IV. CONCLUSIONS

We performed an extensive single-crystal study on the s =
1/2 spatially anisotropic triangular-lattice quantum magnet of
Cu,(OH)3NO;5 without evident structural disorder. The effect
spin Hamiltonian with symmetry-allowed NN Heisenberg ex-
change interactions is experimentally determined by fitting the
magnetization measured up to 55 T and shows semiquantita-
tive agreement with the experimental observations, including
the T dependence of magnetic susceptibilities and specific
heat, the weak long-range antiferromagnetic transition, the ab-
sence of visible magnetic reflections in neutron diffraction, the
quasispin-gapped behavior and three magnetic field induced
quantum phase transitions seen in the magnetization. Both the
dominant short-range resonating valence bond correlations
and weak long-range stripe order coexist in the GS wave func-
tion obtained by diagonalizing the same spin Hamiltonian,
thus suggesting the magnetic GS of Cu,(OH);NO3; may be
in the vicinity of a short-range QSL. Our work sheds light
on the search for QSLs in structurally disorder-free quantum
magnets with spatially anisotropic exchange interactions.
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APPENDIX A: STRUCTURAL CHARACTERIZATION OF
THE SINGLE CRYSTAL OF CU,(OH);NO;

Both the single-crystal and Laue XRD measured on the ab
plane show very narrow (FWHM ~ 0.05° in 26) reflections
(see Fig. 3), implying the high quality of the single crystal
of Cuy(OH);NO;. From fitting the intensities of the single-
crystal reflections in GSAS program [53], we obtained the
crystal structure of Cu,(OH)3;NO; (see Table III).

APPENDIX B: STRENGTHS OF HEISENBERG
EXCHANGE COUPLINGS ESTIMATED BY DFT+U

Starting from the XRD result, we first constructed the
positions of H atoms, and then optimized the geometry (see
Table III) using DFT in VASP with the generalized gradient
approximation [54]. The 6 x 6 x 6 k mesh was used, the lat-
tice parameters were fixed to the experimental values, and the
residual forces were below 0.006 eV /A in the fully optimized
structures.

The exchange integrals monotonically decrease with the
increase of Coulomb repulsion Usg. For Cuy(OH)3NOs3, Uegs
was fixed to its typical value of 10.5 eV [55] in our DFT+U
calculations. We considered the supercell of 1 x 1 x 2 unit
cells, and calculated the total energies of the interlayer fer-
romagnetic and antiferromagnetic states, E (|11 11)) =
—236.532784 eV and E(IM ML) = —236.532760 eV,
respectively. The strength of interlayer coupling was ob-
tained by Ji = [E(M A 114) — ECMAALLLD1/4 =
—0.07 K (ferromagnetic), in agreement with the previously
reported DFT result [39], and suggesting the quasi two-
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TABLE III. The crystal structure refined from the single-crystal
XRD data measured on Cu,(OH);NO; at 300 K, with the compari-
son of the DFT result. The space group of P2, and lattice parameters,
a = 5.5964(2) A, b = 6.0784(3) A, ¢ = 6.9251(3) A, and 8 =
94.552(4)°, measured by XRD are fixed in our DFT simulations.
R(F)({ > 30) =6.4% and R,(F) (I > 30) = 6.8% based on
1414 reflections with & range of —7 — 7, k range of —8 — 8, and /
range of —9 — 9, are resulted in the structure refinement.

XRD (300 K) DFT
Cul:x,y,z  0.9985(3),0.93(1), 0.9938(2)  0.999, 0.939, 0.991
100x Usso 0.57(6) -
Cu2:x,y,z  0.5093(2), 0.19(1), 0.9978(2)  0.502, 0.190, 0.990
100x Uiso 0.54(6) -
N:ix,y,z 0.229(2), 0.20(1), 0.405(1) 0.237,0.181, 0.428
100x Usso 1.2(4) -
Ol:x,y,z 0.874(1), 0.18(1), 0.8565(9) 0.875,0.194, 0.855
100x Usso 0.8(3) -
02:x,y,2 0.312(1), 0.94(1), 0.8820(9) 0.313, 0.946, 0.880
100x Uiso 0.6(3) -
03:x,y,2 0.689(1), 0.92(1), 0.114(1) 0.695,0.934,0.114
100x Ui 0.9(4) -
O4:x,y,2 0.211(1), 0.19(1), 0.2309(9) 0.214, 0.192, 0.244
100x Usso 1.3(4) -
05:x,y,2 0.382(2), 0.09(1), 0.493(1) 0.373, 0.037, 0.509
100x Uiso 4.1(7) -
06: x,y, 2 0.902(2), 0.81(1), 0.510(1) 0.880, 0.815, 0.475
100x Ui 3.4(6) -
Hl:x,y,z - 0.925, 0.204, 0.721
H2:x,y,z - 0.312,0.028, 0.737
H3:x,y,2 - 0.728, 0.092, 0.256

dimensional nature of the spin system of Cu,(OH);NOs.
Similarly, we obtained the strengths of intralayer NN and
second-neighbor exchange couplings by considering another
supercell of 2 x 1 x 1 unit cells, as summarized in Table V.

APPENDIX C: G FACTORS AND WEISS TEMPERATURE
OF CU,(OH)3NO3

From the Curie-Weiss fittings [Fig. 10(a)], we got the
Cuire constants (Ccw) and Weiss temperatures (6cw) parallel
to the a and b axes, and perpendicular to the ab plane, as

listed in Table IV. Using Cew = %, we further ob-
tained the g factors, g, ~ 2.20, g, ~ 2.06, g, ~ 2.20, and
thus the average g = (g, + g»+ g1)/3 ~ 2.16 used in the
main text. The strength of DM interaction was estimated to be
~Ji(g— 8g.)/g. ~ 0.1J; by considering the weak spin-orbit
coupling [52], where g, = 2.0023 is the free electron g factor.
Our susceptibilities () are consistent with those previously
reported in Ref. [37], by converting x from SI to the Gaussian
system.

From fitting, we find that the Weiss temperature is
relatively small, |Ocw| < 10 K (K« Jip~ 70 K), in
Cu,(OH)3NO3. This can be attributed to the competing
exchange interaction, including both antiferromagnetic and
ferromagnetic contributions (J1,, Jib, Jics J1ds J1es Jif). The
Weiss temperature is roughly consistent with both models 1
and 2 reported in Ref. [39] in the mean-field approximation,
Ocw ~ —(1a + Jip + Jic +J1a + Jie + Jir)/4 ~ 7 K (model
1) and —2 K (model 2), respectively. It is worth to mention
that in the previously reported work [39], Ruiz et al. refine
the couplings by using only the temperature dependence of
the magnetic susceptibility measured on powder samples, and
thus the resulted Weiss temperature is quite in line with the ex-
perimental value. In comparison, we determine the exchange
couplings by considering both magnetization and suscepti-
bilities measured on single-crystal samples up to 55 T [see
Figs. 4(a) and 4(b)].

APPENDIX D: MAGNETIC SPECIFIC HEAT OF
CU,(OH)3;NO;

The lattice specific heat of Cu,(OH);NO5; was calculated
by VASP4-PHONOPY, on a supercell of 2 x 2 x 1 unit cells
(total 96 atoms) [see Fig. 10(b)]. At high temperatures, the
magnetic heat capacity is negligible, and the measured heat
capacity is well consistent with the independent ab initio
simulation of lattice heat capacity [see Fig. 10(b)] thus sup-
porting the validity of our experimental data. By subtracting
this lattice contribution from the measured total specific heat,
we obtained the magnetic specific heat C,, (see main text). The
magnetic entropy 7 -integrated from C, /T gets negligible,
AS,, < 0.3%RIn2 [inset of Fig. 10(b)], indicating that we are
indeed accessing the GS property of Cu,(OH);NO3, at ~2 K.

TABLE IV. Cuire-Weiss fittings of the 7 dependence of the magnetic susceptibilities, x = Ccw /(T — Ocw).

Hlla HI|lb H L ab
Temperature range of the fits: 20-350 K
Cew (107% m3K~! /mol-Cu) 5.681(2) 5.043(2) 5.688(3)
g=2 lkaC:fvz 2.1956(4) 2.0685(4) 2.1968(7)
L lB
Ocw (K) —3.38(8) 0.67(6) —6.2(1)
Adj. R-Square® 0.99996 0.99997 0.99988
Temperature range of the fits: 50-350 K
Cew (107® m*K~!/mol-Cu) 5.690(2) 4917(4) 5.705(4)
— ksCew
g=2 /MUNAﬂlz; 2.1972(4) 2.0425(8) 2.2001(7)
Ocw (K) —3.76(9) 3.9(2) —6.9(1)
Adj. R-Square 0.99995 0.99982 0.99988

2Reference [56].
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TABLE V. Collinear magnetic structures and their energy differences from that of the fully ferromagnetic state (supercell: 2 x 1 x 1 unit
cells). From fitting the energy differences, we estimate both NN (J1,-J¢) and second-neighbor (J;) exchange couplings. The least-squares

standard deviation is defined by o = \/ i (XD — X192, where XP'" and X" are the DFT and fitted values, respectively, Ny = 11 is the

number of the nonfully polarized states taken into account.

st=1 5753535, NATE IRt A Nt B [ I A L [ [t
S556575%) O I 0 D AN o A I RO BN D A )

DFT + U, 123 719 194 755 685 177 1279 939 1318 259 718

E(PP11)) — E(s9) (K)

least-squares fitted, 126 652 194 744 681 207 1302 934 1349 239 698

E(MH11111) = EGs0) (K)
exchange couplings
and standard deviation

.]1&=3K,J1b=60K,ch=7K,J1d=—7K,Jle=3K,J1f=10K,Jz=0.7K,and0=2.7K
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