Negative-chirality order in S = 1/2 kagome antiferromagnet CdCu;(OH)(INO3)2-H,O
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The neutron diffraction and nuclear magnetic resonance (NMR) measurements have been used
to microscopically analyze the magnetic structure in the S = 1/2 kagome antiferromagnet
CdCus3(OH)s(NO3)2-H20. Below the magnetic ordering temperature T ~ 4 K, magnetic Bragg
reflections at (110) and (100) were found in the neutron diffraction pattern, which suggests a ¢ = 0
magnetic structure. Furthermore, the vector spin chirality for the ¢ = 0 structure was successfully
identified from the internal field direction obtianed by the '*N-NMR measurement. Our findings
point to a chirality-ordered magnetic structure with negative vector chirality and (100) anisotropy.

PACS numbers:
INTRODUCTION

The emergence of quantum magnetism on a two-
dimensional (2-D) kagome network has attracted consid-
erable interest. Since a triangular unit of localized mag-
netic moments shares a corner with its neighbors, the
kagome antiferromagnets can make a huge variety of en-
ergetically degenerate spin configurations. The kagome
antiferromagnets are one of the most promising candi-
dates for realizing the quantum spin liquid, owing to en-
hanced magnetic fluctuations on a low dimensional mag-
netic network. The spin liquid behavior has been actu-
ally observed in herbertsmithite. [1, 2] In some other
materials, however, the material-specific small perturba-
tions produce a long-range magnetic ordering. Experi-
mental investigations for the ground states of the quan-
tum kagome magnets should be conducted from micro-
scopic viewpoint to make a progress in the understanding
of intriguing quantum effects that appear in the kagome-
based materials.

In this study, we focus on a mineral
CdCus(OH)6(NO3)2-HoO  (Cd-kapellasite, CdK), in
which S = 1/2 Cu®* spins form a 2-D kagome network.
[3] The nonmagnetic Cd ions are located at the center of
the hexagon (Fig. 1) and provide the off-diagonal inter-
action across the hexagon J;. With a dominant nearest
neighbor and a small next nearest neighbor interactions,
J1 and Js, the magnetism in CdK is described by the
Ji1 — Jo — Jg model. [4-6] Within the series of these
compounds, antiferromagnetic J; was found only in
CdK and a sister compound CaCus(OH)sCl; - 0.6H20
(Ca-kapellasite, CaK) [7]. Experimental studies on these
compounds are crucial as the theoretical calculations
including quantum fluctuation effects are difficult for the
antiferromagnetic J; — Jo — J; model. In fact, previous
studies on CdK have highlighted the effects of substan-
tial quantum fluctuations in thermal Hall effect [9] and

high-field magnetization. [15] In small magnetic fields,
a magnetic anomaly with weak ferromagnetic character
was observed at Ty ~ 4 K from the abrupt increase in
susceptibility and broad peak in the heat capacity. [3]
The temperature dependence of the thermal Hall effect
observed above the magnetic ordering temperatures was
interpreted in the framework of Schwinger-boson mean
field theory[9, 10], which suggests a finite-temperature
spin liquid state with DM interactions. A similar
spin liquid behavior was also observed in CaK at
corresponding temperature range from the thermal
Hall effect and ?D-NMR measurements. [13, 14] The
magnetization study in pulsed high magnetic fields
revealed a series of field-induced valence-bond crystals
at multiple magnetization plateaus. [15] Although the
exotic nature of quantum magnetism has been detected
in CdK, the magnetic structure in the ground state at
small magnetic fields has ramained unknown. Thus
far, a ¢ = 0 state has been suggested from the weak
ferromagnetic behavior in magnetization [3]. However,
various types of spin configurations can be constructed
even within the ¢ = 0 structures and theoretical study
suggests that the thermal Hall conductivity would
vanish at a specific spin configuration. [16] Microscopic
measurements should be performed to determine the
actual magnetic structure.

The magnetic structure possible for kagome antiferro-
magnet is based on the 120° spin configuration, for which
the neighboring two spins always form a relative angle of
120°. A classical calculation [8] suggests that ¢ = 0 or
V3 x /3 structures are favored as ground states at large
parameter space. Non-coplanar cuboc structure is also
propose at a restricted area around J; = 0. In the case
of CaK, the negative chirality ¢ = 0 structure is stabi-
lized by the energy gain of DM interaction, [11-13] which
underlines the relevance of DM interaction in establishing
a theoretical model for the kagome antiferromagnet.
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FIG. 1: The crystal structure of CdK. Blue, yellow/white,
red, cyan, and salmon spheres represent copper, cadmium,
oxygen, nitrogen, and hydrogen atoms, respectively. The ni-
trate ion coordinated to the copper ion has an orientational
disorder and can take three orientations randomly. The crys-
tal structure was drawn by VESTA[17].

The magnetic interactions in CdK were estimated from
bulk susceptibility as (J/K, Jo/J, Ja/J) = (45.4,.1,0.18).
[15] The energy scale of DM interaction was suggested
as approximately 4 K, which is comparable to the long-
range ordering temperature. According to the classical
theory, these parameter sets suggest a ¢ = 0 structure
as the ground state. However, in the case of a ¢ = 0
structure, two distinct spin configurations are possible
with the same translation vector, namely the vector chi-
rality of three spins on one triangle can be either nega-
tive (negative vector chirality: NVC) or positive (positive
vector chirality: PVC). These various spin configurations
are difficult to distinguish using neutron diffraction mea-
surement especially when the sample mass is limited, and
the ordered moments are reduced by the quantum fluc-
tuations.

The NMR measurement is an excellent tool for deter-
mining the local spin configuration. By examining the
internal fields at the target nuclei from the NMR spectra,
spin configurations around the target nuclear sites can be
identified. The sign of vector chirality in a g = 0 struc-
ture is determined by the orientation of dipole fields at
the three-fold axis of a triangle. The internal-field direc-
tion is an important indicator of the spin configuration as
it eliminates the requirement for quantitative estimate of
the field strength, which is frequently influenced by many
parameters. While sensitive to the local spin configura-
tion, NMR measurement is incapable of determining the
global translation vector. Therefore, we performed the
MN-NMR measurement for CdK together with the neu-
tron diffraction measurements. The complementary com-
bination of neutron diffraction and NMR study clearly
identify the magnetic structure in the ground state.

EXPERIMENTAL

Single crystals of CdK used for the NMR experiment
were grown by the hydrothermal transport method.[3]

The NMR spectra were measured in the magnetic fields
H applied along [001] and [120] directions. For the sharp
spectra in H || [001] the full spectra were obtained by
the fast Fourier transform (FFT) of the spin-echo sig-
nal at a fixed field. In H | [120], since the spectral
width becomes significantly broad by the effect of nuclear
quadrupolar interaction, we measured the field-sweep
spectra at a fixed frequency, for which the FFT intensity
was recorded during the field sweep. We measured the
temperature dependence of NMR frequency shift at high
temperatures above 100 K for H || [001], but the peak
positions hardly shift, suggesting that the transferred hy-
perfine interactions between Cu?* electronic spins and
N nuclear spins are compensated by the direct dipole
interactions, which were calculated to be approximately
100 mT/up.

Powder sample of CdK for the neutron diffraction ex-
periment was enriched with deuterium and '*Cd because
of large incoherent scattering of hydrogen and strong neu-
tron absorption of natural Cd. Details of sample prepa-
ration are presented in Supplemental Material. [20] A
magnetization measurement confirmed that the isotope-
substituted powder has the same transition tempera-
ture of 4 K as in the naturally abundant CdK. Neutron
diffraction experiments were performed on a time of flight
diffractometer WISH at ISIS Neutron and Muon Source,
UK. Data were recorded on 10 fixed angle detector banks
in five pairs at 1.6 K and 10 K by using the sample of
deuterated Cd in a vanadium cylinder.

RESULTS AND DISCUSSION

A powder neutron diffraction experiment was per-
formed to determine the nuclear and magnetic struc-
tures of CdK below and above the Néel temperature of 4
K. The observed and calculated powder diffraction pat-
terns at 10 K are shown in Fig. 2a. The initial struc-
ture model was based on the parameters from the single
crystal study.[18] The Rietveld refinement using Fullprof
Suite [19] converged with space group P3m1 and success-
fully determined the lattice constants a = b = 6.5261(2)
A, ¢ = 6.9989(6) A, and all the positions of atoms in-
cluding deuterium/hydrogen, of which schematic image
is shown in Fig. 1. The technical details of Rietveld re-
finement and a list of atomic positions are presented in
Supplemental Material. [20]

A low-temperature pattern collected at 1.6 K showed
no additional peaks, suggesting absence of incommensu-
rate structures or the v/3 x v/3 cuboc/octahedral order
with propagation vector of ¢ = (1/3,1/3,0) or (1/2,0,0).
As shown in Fig. 2b, subtraction of the dataset at 1.6
K from the one at 10 K revealed (100) peak at bank
2 and (101) reflection at bank 1 and bank 2 (detectors
with different d spacing range). This points to the pres-
ence of a ¢ = 0 magnetic order in CdK. A g = 0 an-
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FIG. 2: Neutron diffraction results of CdK. (a) The nuclear Rietveld refinement of the neutron diffraction pattern at 10 K.
The red open circle, black line, and blue line indicate the observed, calculated and residual patterns. The green bars represent
the positions of the nuclear Bragg peak. Impurity contribution shown by asterisk is excluded from the refinement. (b) The
subtracted diffraction of the dataset at 1.6 K from the one at 10 K in bank 1 (red line with open circles) and bank 2 (blue line
with filled circles) on WISH diffractometer. The observed magnetic Bragg peaks are shown by black stars. The green bar, pink
filled circle, and open triangle represent the expected positions of Bragg peaks corresponding to ¢ = (0,0,0), (1/3,1/3,0), and
(1/2,0,0). (c) Candidate antiferromagnetic structures with a propagation vector of ¢ = (0,0,0) in the kagome lattice. PVC;
(PVC3) and NVC; (NVCy) structures are the ordering of positive and negative vector chirality in the presence of (100)((120))
anisotropy, respectively. (d) Magnetic Rietveld refinement. Red open circles with thin black line, blue line, and green bar
represent the observed magnetic diffraction pattern, the calculated pattern of NVC; structure, the residual of the fitting by
NVC; structure, and the position of the Bragg peaks, respectively. The thick and dotted black lines indicate the calculated
pattern of PVC; and PVCa, respectively.

tiferromagnetic order in the classical Heisenberg model

on the kagome lattice is characterized by either posi- TABLE I: Result of magnetic Rietveld refinement.

2
tive or negative signs of vector chirality in each trian- VG éwlng) ng 8(%) 0?25
gle. Figure 2c illustrates four candidate magnetic struc- PVCi 0'23(2) 39 0 7
tures, PVCy, PVC,, NVCy, and NVCsy, which are repre- NV /NVC; 0:21(1) 982 07T

sented as 1, 9, 204 + 15, 2907 + b9 by using basis vec-
tors of P3m1 with g = 0 propagation vector as described
in Ref. [3]. Comparison of the observed and calculated
diffraction patterns are shown in Fig. 2d. We note that
NVC; and NVC,; structures produce an identical diffrac-

ment is as small as 0.21(1) pp in NVCy structure, sug-
gesting a strong fluctuation left in the ground state.
To pin down the magnetic structure uniquely, NMR

tion pattern. PVCsy structure can be excluded because of
null intensity at (100) position in the simulated diffrac-
tion pattern. The patterns of PVC; and NVC; /NVCs
are consistent with the observed one and both the struc-
tures show finite intensity at (100) and (101) and no in-
tensity at (001). Results of the refinements are sum-
marized in Table I. Both PVC; and NVC; structures
yielded similar Ry, and x? values and the ordered mo-

measurement is useful as the complementary probe. We
use a fact that PVC and NVC yield different orientation
of dipole fields at the N sites. For PVC configuration,
the dipole fields are perpendicular to the kagome plane,
and their magnitude is maximum for PVC, and zero for
PVC;. In the case of NVC, dipole fields with a constant
magnitude appear along the kagome plane. [11] There-
fore we measured the '*N-NMR spectra at low tempera-
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FIG. 3: MN-NMR spectra for single crystalline CdK at high
temperatures measured in (a) H || [001] and (c) H || [120].
Two-peaks structure typical for I = 1 nuclear spin is observed
in (a), while four peaks were observed in (c) because of the
positional disorder of NO3 ions. The shadowed four peaks are
the result of spectrum simulation. (see text) The sum of these
four peaks is represented by red dotted line. (b) Positional
disorder of NO3 ions located on a Cu triangle. Three possible
NOs sites are randomly occupied. (d) In-plane structure of
NOs ions. The orientation of the main principal axis of EFG
is indicated by a bar on the N sites. When the external field
Hey: is applied along [120] direction, N sites at NO3z-1 and
NO3-2 show different quadrupolar splitting.

tures across Tiv in both field directions, namely [120] and
[001] directions.

The 2-D kagome layers are separated by NO3 ions and
the N sites are located near the center of Cu triangle as
shown by the enlarged picture in Fig. 3b. The positional
disorder of N sites creates additional feature for the NMR
spectra through the electric quadrupolar interaction in
fields parallel to the kagome plane. In contrast, when the
field is perpendicular to the kagome plane, positional dis-
order of N sites does not split the NMR spectra because
these N positions are reproduced by the three-fold sym-
metry around the [001] direction. Figure 3a shows the
MN-NMR spectrum at room temperature in the fields
parallel to the [001] direction. As the nuclear spin of 14N
is I = 1, two peaks fromm =1+ 0, and m =0 + —1
transitions were observed. A downward spike noise at
40.1 MHz originates from a small offset in the spin-echo
signal. From the separation of these two peaks, the NQR
frequency along [001] direction is estimated as 164 kHz.
The lattice symmetry imposes that one of the principal
axes of electric field gradient (EFG) is perpendicular to
the mirror plane that includes the target N sites and
other two axes are in the mirror plane. As the three co-
valent N-O bonds dominantly contribute to the EFG, the

main principal axis that has the largest EFG should be
perpendicular to the O triangle of NOj3 unit as shown
in Fig. 3d. The randomly occupied three N sites gen-
erate three different orientations of EFG principal axes
in the ab plane. Thus, for the inplane fields, the orien-
tational disorder of NOjs units introduces an additional
feature in the N-NMR spectrum. Figure 3c shows the
MN-NMR spectrum for H || [120], in which we found
two sets of two peaks. The peaks with larger splitting
originate from the N sites at EFG principal axis paral-
lel to the external fields (NOgs-1 in Fig. 3d), while those
with narrower splitting are from NOg at other positions
(NO3-2). We estimated the NQR frequency along main
[120] direction from the peak separation for NO3-1 site
as 790 kHz. The splitting for NO3-2 sites is then calcu-
lated as 0.145 T, [20] which is in perfect agreement with
the experimentally obtained peak separation of 0.16 T.
The peak intensity of NOg3-2 sites are larger than that for
NO3-1 sites because the number of sites is twice more.
We simulated the 1*N-NMR spectrum for H || [120] us-
ing the parameters obtained above. The result is shown
in Fig. 3c as the shadowed peaks and dotted line. The
discrepancy around the center of four peaks is coming
from the imperfect orientational order of NOg3 units.

Knowing the above peak assignments, we measured
the temperature variation of *N-NMR spectra passing
through T. Figures 4a, b show the NMR spectra for
both field directions below 8 K. Although only a small
modification was observed on the spectral shape around
Tn, we confirmed the magnetic transition temperature
at approximately 11 T by the 1/77 measurement in
H || [001). As shown in Fig. 4c¢, a peak in 1/T} was
observed at Ty = 3 K, which is associated with the criti-
cal magnetic fluctuations near the magnetic phase transi-
tion. T in 11 T is slightly lower than that at zero fields
because the antiferromagnetically ordered state is sup-
pressed in magnetic fields. Across the magnetic phase
transition at Ty, no change in spectral shape was ob-
served for H || [001]. The spectra in H | [120] show a
shift in the peak position only for the NO3-2 sites, which
results in the asymmetric spectral shape at the lowest
temperature.

The temperature dependence of **N-NMR shift is de-
termined by fitting the NMR spectra with multi-peak
Gaussians and the results for three independent N sites
are shown in Fig. ba. The internal fields along the exter-
nal field directions are estimated by taking the average of
peak positions for the quadrupolar-split two peaks. We
defined ABin(T) = Bint(T) — Bint(8 K). A significant
temperature dependence is observed only for NO3-2 sites
in H || [120], which leads us to conclude the negative
chirality g = 0 structure as we will discuss next.

In the ¢ = 0 state with 120° spin configuration, the
hyperfine fields from ordered moments are canceled at N
sites. Therefore, we assume the direct dipole fields as
the origin of NMR shift in the ordered state. The PVC
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FIG. 4: Temperature dependence of 1*N-NMR spectra in (a)
H || [001] and (b) H || [120]. The dotted green lines are the
results of multi-peak Gaussians fit. (c) Temperature depen-
dence of 1/T7 in pwoH ~ 11 T. A peak in 1/T7 at Ty = 3
K confirms a magnetic transition at ~ 11 T, even though no
apparent change was observed in the spectral shape.

spin configuration is excluded from the absence of inter-
nal fields along the ¢ direction as we explained above. In
the present study we found that even in H | [120] the
internal fields are absent at NOj3-1 sites. This site de-
pendence is explained by the spin-locking in the ¢ = 0
structure. The direction of the internal fields depends on
the global spin orientation in the NVC structure. When
the spin direction with respect to the EFG principal axis
is locked, the internal field at N site always has a fixed
angle against the EFG axis as shown in Figs. 5b, c. In the
case of NVCj configuration shown in Fig. 5, the internal
fields are parallel to the kagome plane and perpendicular
to the EFG axis, thus have no effect on the NMR shift
when the external fields are parallel to the main EFG
axis, which is the case for NOs-1 sites. A finite NMR
shift by the internal fields can be observed only at NOs-
2 sites, for which the angle between the external and
internal fields is 30°. On the other hand, when all spins
are rotated by 90° (NVC;), the NMR shift should be ob-
served for the sites with fields parallel to the EFG axis,
that is, NOg3-1 sites with the largest quadrupolar split-
ting. As no internal fields were observed at NOg-1 sites,
we strongly suggest a spin-locked NVC; structure as the

ground state. In this anaylses, we did not consider the
canting of moments toward the ¢ direction, because the
¢ component of the moments estimated from the magne-
tization measurement is two order of magnitude smaller
than the in-plane component. [3]

Now we estimate the size of the ordered moments from
the internal fields in the ordered state AB;,. As the
internal fields projected to the external field direction is
~ 7 mT at T < Ty, the magnitude of dipole field is
estimated as 7/ cos(30°) = 8 mT. When full moments of
1pp form the NVC spin configuration in CdK, the dipole
fields at N sites are computed as 40 mT. By comparing
this estimate and experimentally obtained A By, the size
of the ordered moment can be estimated as 0.2up. This
is consistent with the value obtained from the neutron
diffraction measurement.

The NVC state was reported in CaK from 3°Cl and 2D
NMR studies. [11, 13] In CaK, however, spin directions
are not locked to the crystal axes. The resulting NMR
spectra in the ordered state show a broadening rather
than a uniform shift. By contrast, negligibly small spec-
tral broadening in CdK clearly suggests the spin-locked
state. As the spin direction is always fixed with respect
to the EFG principal axis, we suggest that the orien-
tation of NOg is long-range ordered, which is responsi-
ble for the spin locking. Small modification of Cu-O-Cu
bonding through O of the NOgs units would introduces
bond-dependent exchange matrices, which then produce
the magnetic anisotropy with respect to (100) direction.

The simplest ordering of the orientation of NO3 com-
patible with g = 0 structure and the spin locking is illus-
trated in Fig. 5d, which belongs to C'2/m space group as
found by the symmetry analysis using ISODISTORT[20-
22]. This monoclinic structure is supposed to coexist
with the other two domains related by three-fold rota-
tion with the equal probability. While the limited crys-
tallinity of the powder sample prevents us from elucidat-
ing the long-range order of NOj3 by neutron scattering
[20], we suggest that the correlation length is long enough
to form a macroscopic domain, because the disorder of
NO3 orientation within a short distance would create a
distribution in the internal field at N site, which contra-
dicts with the uniform internal field evidenced from the
shift in *N-NMR spectra without broadening. (Fig. 4b)

To summarize, we have performed the neutron diffrac-
tion and *N-NMR measurements of 2-D kagome antifer-
romagnet CdK and identified the ¢ = 0 state with the
chirality-ordered NVC; structure. The ¢ = 0 state is
consistent with the classical calculation with J; — Js — Jyg
model, but in CdK DM interaction and modified ex-
change interaction due to orientational order of NOg
units are also important to stabilize the spin-locked
NVC; structure. The ordered moment is significantly re-
duced even at the lowest temperature because of strong
quantum fluctuations. Since the magnetic ground state
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FIG. 5: (a) Internal fields obtained from NMR shift. Negligibly small internal fields were observed at low temperatures in
H || [001] and H || [120] for NOs-1 sites. (b), (c) Negative-chirality spin configuration for Cu spins and dipole fields at the N
site. The direction of internal fields is indicated by an arrow on the N site. Bins at NOgz-1 site is perpendicular to Hext, while
the angle between Bint and Hext is 30° at NOg3-2 site. (d) Orientation-ordered crystal structures with anisotropy axis along
[100] directions. NOg unis are located above and below the kagome plane alternatively at each triangle, and are reproduced by
the inversion symmetry within a unit cell. Magnetic structures for both orientations are represented by red arrows on the Cu
sites. Among three spins on one triangle, one spin is always parallel to the anisotropy axis.

has been unambiguously determined, fascinating phe-
nomena in CdK would be understood in terms of quan-
tum fluctuations activated on the NVC; background. In
fact, suppression of thermal Hall conductivity toward the
ordered state [9] is consistently explained by the NVC,
structure, because the magnetic symmetry prohibits the
thermal Hall effects in the case of NVC;. [16]
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