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We use "’Br nuclear quadrupole resonance (NQR) to demonstrate that ultraslow lattice dynamics set in
below the temperature scale set by the Cu-Cu superexchange interaction J (~160 K) in the kagome lattice
Heisenberg antiferromagnet Zn-barlowite. The lattice completely freezes below 50 K, and 7Br NQR line
shapes become twice broader due to increased lattice distortions. Moreover, the frozen lattice exhibits an
oscillatory component in the transverse spin echo decay, a typical signature of pairing of nuclear spins by
indirect nuclear spin-spin interaction. This indicates that some Br sites form structural dimers via a pair of
kagome Cau sites prior to the gradual emergence of spin singlets below ~30 K. Our findings underscore the
significant roles played by subtle structural distortions in determining the nature of the disordered magnetic

ground state of the kagome lattice.
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Identifying the spin liquid ground state realized in model
spin Hamiltonians is the holy grail in the research field of
frustrated magnetism [1,2]. Theoretically, multiple states
often compete with each other for the ground state of a
given spin Hamiltonian. This makes theoretical identifica-
tion of the ground state a nontrivial problem. Likewise, on
the experimental side, each spin liquid candidate material
has its own complications, too, often arising from structural
disorders. For example, the nonmagnetic interlayer Zn>*
sites of the kagome lattice Heisenberg antiferromagnet
herbertsmithite ZnCus(OH)4Cl, [3-17] and Zn-barlowite
ZnCus3(OH)4FBr [15,18-23] are occupied by Cu?* defect
spins with ~15% [5] and ~5% [20] probability, respec-
tively. These defect spins have generally been believed to
account for the enhanced magnetic response observed at
low temperatures and mask the intrinsic behavior of the
kagome planes.

In addition, recent theoretical works suggest that inho-
mogeneity in the magnitude of the Cu-Cu superexchange
interaction J (= 160 K [19] ~190 K [4]) alone could
significantly impact the nature of the ground state and
induce spin singlets with inhomogeneous gaps, accompa-
nied by orphaned localized spins elsewhere within the
kagome planes [24-26]. Moreover, these orphaned spins
may account for the enhanced magnetic response at low
temperatures [24-26], even if there are no interlayer Cu>*
defect spins or spin vacancies [27] within the kagome
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planes. In fact, our recent 3Cu nuclear quadrupole reso-
nance (NQR) experiments established that spin singlets
gradually emerge with inhomogeneous gaps below ~30 K
in both herbertsmithite and Zn-barlowite [15].

Motivated by these developments, we explore the struc-
tural disorder and their dynamics in Zn-barlowite
ZnCu;(OD)4FBr based on NQR at "Br sites (nuclear spin
3/2). The Br NQR frequency v, and its distribution
probe the local lattice environment and its disorder through
the electric field gradient (EFG), while the nuclear spin-
lattice 7°1/T, and spin-spin "°1/T, relaxation rate shed
light on the slow dynamics of the lattice at the timescale set
by the inverse of the resonant frequency, vy ~ 0.04 ps.
We will demonstrate that ultraslow lattice dynamics set in
below the temperature scale of J ~ 160 K, and the lattice
freezes below ~50 K with enhanced structural disorder.
Moreover, we will report our discovery of an oscillating
component in the spin echo decay curves M(27) ~
cos{w,(27)} [28-31] induced by indirect nuclear spin-spin
interaction ha,»ji,» | j [32-35], where 7 is the separation
time between 90° and 180° radio frequency pulses, M(27)
is the spin echo amplitude at time 2z, I, and I ; are the
nuclear spin operator at the ith and jth sites, and a;;(~,))
is the indirect nuclear spin-spin coupling. In short, the spin
echo amplitude oscillates, because nuclear spin I; pre-
cesses about the hyperfine magnetic field generated by

© 2022 American Physical Society
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nuclear spin I j» and vice versa. Such oscillations are a
typical NMR signature of the pairing of atoms in molecules
[28] and solids, including Cu-Cu spin singlet dimers in
SrCu,(BO3), [30] and Cu,Sc,Mg,Oy3 [31], but unex-
pected for the kagome lattice in Zn-barlowite. Our finding
indicates that some "°Br sites in the frozen lattice form
structural dimers encompassing a pair of kagome Cu spin
singlets. The existence of the oscillation with a well defined
frequency contrasts with the Gaussian form of spin echo
decay M(2t) observed for the two-leg Heisenberg ladder in
SrCu, 05 [36] and Sry4Cu,40y4; [37], in which spin singlets
are entangled along the legs in the ladder. We will explain
that the spin echo amplitude oscillation can be used as a
probe of entanglement between spin singlets.

In Figs. 1, 2(a), and 2(b), we present the crystal structure
of Zn-barlowite and representative Br NQR line shapes.
We refer readers to [15] and the Supplemental Material [38]
for the entire 7>8'Br and %3%Cu NQR line shapes. We
summarize the temperature dependence of the main peak
frequency vpj*" in Fig. 3(a). Above 100 K, we found
Pypjin > 28.8 MHz, accompanied by two additional small
humps at "0}, > 28.2 and "vf, ~29.4 MHz [38]. NQR is a
local probe, and this indicates that at least three slightly
different structural environments exist for "°Br sites.
Previously, we identified three sets of D [9] and 'O

[10] NMR signals for deuterated herbertsmithite as the
main, the nearest neighbor (nn), and the twice more
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FIG. 1. (a) The structure of ZnCu3(OD)sFBr. The kagome
layers consist of corner sharing triangles of Cu®>* ions with spin-
1/2, and stacked on top of each other. For clarity, D" ions
attached to O~ are not shown. Zn>*, F~, and Br~ form the
interlayer. (b) The ¢ axis view of the kagome layer, and the
interlayer underneath it. The light green shade schematically
represents dimerized Br sites via a pair of Cu sites. (c) Side view
of the kagome planes and "’Br sites in three interlayers. Each "*Br
nuclear spin can couple with six nearest-neighbor "Br sites
within the same interlayer (blue-blue combination) and additional
six neighboring 7°Br sites in two adjacent kagome planes (blue-
purple combination). Dashed lines represent the hyperfine
coupling between 7°Br nuclear spin and Cu electron spin-1/2.

abundant next nearest neighbor (nnn) sites of the interlayer
Cu’* defects occupying the Zn>* sites. In analogy, we
tentatively assign the small hump A and more prominent
hump B as the nn and nnn sites, respectively.

In Fig. 3(b), we summarize the temperature dependence
of the intensity I3 , of the ”Br NQR line shape integrated
between 27 and 31 MHz, measured with a fixed pulse
separation time 7 = 30 us. Also plotted in Fig. 3(b) are
the integrated intensity [, in the limit of 27 =0 pus,
estimated from the extrapolation of the transverse spin
echo decay curves M(27) at the main peak presented in
Figs. 2(c) and 2(d). The temperature dependence of "°1/T,
determined from M (27) at °v)*" is summarized in Fig. 3(c).
We confirmed that 71 /T, and "1 /T, measured at the hump
A and B are comparable to the main peak’s at 200 K.

The 7Br NQR signals are gradually wiped out below
~150 K. The signals begin to reemerge below 75 K,
followed by quick saturation at ~50 K as 7°1/T, slows
down. Notice that the main peak intensity M (27 = 0)
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FIG. 2. Top: representative "’Br NQR line shapes observed
(a) above and (b) below 75 K measured with a fixed 7 = 30 s,
corrected for the Boltzmann factor. The dashed vertical line
marks the peak frequency "vfj*" = 28.85 MHz at 280 K. Bot-
tom: spin echo decay curves M(27) observed (c) above and
(d) below 75 K. The fit in (c) is with M(27) =
M,y exp{—(27/T,)?} with a fixed g =1, while B(~1.3) was
allowed to vary above 50 K in (d). The solid curves through the
data below 50 K represent the best two component fit with
an oscillatory term, M(27) = M {F cos[w(27)] exp(—27/D) +
(1 = F) exp[—(27/T,)"]}. The overall intensity of M(27) in both
(¢) and (d) is corrected for the Boltzmann factor, and normalized
to the M (27 = 0) value observed at 280 K.
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FIG. 3. (a) The main NQR peak frequency v{/". (b) (circle)
The bare integrated intensity /3 , of the line shapes in Figs. 2(a)
and 2(b), and (orange circle) I, at the limit of 2z = 0, both
corrected for the Boltzmann factor by multiplying temperature 7'.
(c) 1/T, determined from the fit in Figs. 2(c) and 2(d) with (green
triangle) or without (inverted green triangle) fixing S = 1.
(d) FWHM of the 7Br NQR line shapes. We observe only a
limited number of 7Br nuclear spins due to lattice freezing in the
yellow shaded region of Figs. 3 and 4.

extrapolated to 27 = 0 is conserved between ~280 K and
below 50 K as shown in Figs. 2(c) and 2(d), but the
integrated intensity above 200 K in Fig. 3(b) is too small by
a factor of ~2 compared with below 50 K.

Comparison of the 7Br NQR line shapes in Figs. 2(a)
and 2(b) reveals two changes across 75 K. First, the main
peak frequency decreases noticeably when the signal
intensity is fully recovered below 50 K, as summarized
in Fig. 3(a). Second, the 7Br NQR line shapes, already
broad at higher temperatures, become nearly twice as broad
below 50 K, as summarized in Fig. 3(d). Analogous line
shape and intensity anomalies are commonly observed
when spin freezing takes place in disordered magnetic
materials [39]. But there is no evidence for anomalies in
spin degrees of freedom around 75 K in '°F NMR [15] and
uSR experiments [21]. Therefore, the observed NQR
anomalies must be attributed to the EFG, and we conclude
that the structural environments at ’Br sites become
somewhat different and more disordered below ~75 K.
We note that the spatially averaged crystal structure
observed by diffraction techniques maintains the perfect
kagome symmetry down to 3 K by neutron powder
diffraction and 13 K by synchrotron x-ray diffraction
[19]. Herbertsmithite also experiences a structural distor-
tion around 50 K [7,10,12], and the interlayer Cu?* defects
occupying the Zn>* sites may be causing it, because the Vo
tensor at the nn '’O sites changes [10]. It remains to be seen
if the ~5% interlayer Cu>* defects play a role in the
freezing of lattice distortion in the present case. Interestingly,

the 7Br NQR line shapes observed below 60 K for pure
barlowite Cuy(OH)FBr are very similar [40]. The NQR
results discussed so far do not provide information on the
nature of the local structural changes across 75 K, but an
important clue is in the shape of the spin echo decay curve
M (27). We will come back to this point below.

In order to understand the mechanism behind these NQR
anomalies across ~75 K, we measured 7°1/T; at the main
peak between 60 and 280 K. We also measured 8'1/7, at
81y ~24.1 MHz for the ®'Br sites. The "#11/T results
below 60 K were adopted from [15]. For simplicity, we
deduced 1/T, by fitting the nuclear spin recovery curve
with the conventional stretched exponential, but more
elaborate analysis based on the inverse Laplace transform
(ILT) [38,41,42] leads us to the same conclusions; see
Supplemental Material [38] for the details about the inverse
Laplace transform 7' analysis technique and related issues,
including [41-48]. We compare "°1/T, and 3'1/T in Fig. 4
(a), and summarize their ratio R=(311/7,)/("1/T;) in
Fig. 4(b). In general, 1/T, measured by NQR for nuclear
spin 3/2 may be expressed as 1/T, = 1/T"" + 1/Thtice,
where 1/T7™" is the magnetic contribution by spin fluctua-
tions, whereas 1/7T%4c js caused by lattice fluctuations

through the EFG. In addition, 7#'1 /73" is proportional to

the square of the nuclear gyromagnetic ratio 781y, . while
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FIG. 4. (a) *8'1/T, measured at the main peak. The results
below 60 K were adopted from [15]. (b) The isotope ratio
R = (3'1/T,)/("1/T,). Dashed and dotted horizontal lines mark
R =1.161 (dominated by spin fluctuations) and R = 0.698
(dominated by lattice fluctuations). (c) °1/T7 ™ and 71/ Tlattice
estimated from the results in (a). Also plotted using the right axis
is 1°1/T, measured at '°F sites [15].
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79811 /hattice jg proportional to the square of the nuclear
quadrupole moment *#1Q, where (3'y,,/"%,)?=1.161 and
(#10/7Q)* = 0.698. Therefore, the ratio R=~1.161
observed below 50 K indicates that 781 /T, is dominated
entirely by Cu spin fluctuations, but additional contributions
from lattice fluctuations at the NQR frequency reduce R
above 60 K.

In Fig. 4(c), we estimate 1/TP" and 7°1/Tatice
separately by inserting the experimentally observed values
of ™81/T, into °1/T, =1/TP" +7°1/Te  and
811/T) = 1.161(°1/T™) + 0.698(71/T<e). For com-
parison, we also present 71 /T"" measured at the '°F sites
[15]. "F has nuclear spin 1/2 and lacks the nuclear
quadrupole moment, hence probes only spin fluctuations
with no influence of the EFG. The similarity in the

observed temperature dependence between 7°1/T\™" and
191/T, assures us that our procedures to separate °1/T
into 1/T"" and "1/T'te are working well.

One of the key findings of the present Letter is that
791/ T'atice undergoes a drastic enhancement below the
temperature scale set by J =~ 160 K. Intuitively, this is
easily understandable. When the temperature is lowered
below J, neighboring Cu sites become magnetically frus-
trated, because three Cu spin-1/2’s located at the corners of
each triangle cannot form singlets all at once. The effects of
this magnetic frustration can be partially alleviated if the
lattice distorts and two sites form a dimer at the cost of
enhanced elastic energy. Combined with the aforemen-
tioned changes observed for 791/Q and its distributions, the
791/ T'atce regults, therefore, suggest that magnetic frus-
tration effects play a role in enhancing structural distortions
below temperature ~J through the magnetoelastic coupling
effects [49]. The NQR signal is completely wiped out
around 75 K, when the spectral weight of the EFG
fluctuations becomes very large around the NQR frequency
and enhances 7°1/T, and 7°1/T,; the NQR signals
reemerge below 75 K, because the EFG fluctuations
become slower than the NQR frequency. Once the EFG
becomes completely static below 50 K at the NQR
measurement time scale of ~0.04 us, the NQR intensity
saturates and 7°1 /7' vanishes. We also emphasize that
100% of the sample volume is affected by these EFG
anomalies, which is why the entire ”Br NQR signal
intensity is wiped out.

The T, results summarized in Figs. 2(c), 2(d), and 3(c)
provide additional support for the physical picture
described in the previous paragraph. Notice that the spin
echo decay curve M(27) below 50 K exhibits a typical
Gaussian-Lorentzian form with a negative curvature below
27 ~ 0.1 ms. This is typical for solids, and consistent with
the frozen state of the lattice. But "°1/T, is strongly
enhanced above 60 K, and the M(27) curves become
almost Lorentzian (i.e., exponential). This is consistent

with the motional narrowing effects [29,33] induced by the
slowly fluctuating EFG. The spin echo decay is also nearly
Lorentzian above 100 K up to 280 K, hinting the possibly
dynamic nature of the lattice even above T ~ J. It might
also explain why the integrated intensity above 200 K is too
small by a factor of ~2.

A striking aspect of Fig. 2(d) is that M(27) develops a
damped oscillatory component F cos|w, (27)] exp(—27/D)
in the frozen state below 50 K, preceding the gradual
emergence of Cu-Cu spin singlets below ~30 K [15]. Here,
w,~20 ms™! and D ~0.1 ms represent the oscillation
frequency and damping time constant, respectively, and
the fraction of the oscillatory component reaches F' ~ 0.25
at 4.2 K.

Analogous oscillatory behaviors were previously
reported for spin singlets in dimerized materials
SrCu,(BO3), [30] and Cu,Sc,Mg 05 [31] with the
oscillation frequency w, = A%f/ 4J set by the intradimer
super exchange J [34] (A;; represents the hyperfine
coupling between the observed nuclear spin and Cu
electron spin, which is unknown for Zn-barlowite). In
these dimerized materials, the hyperfine magnetic field
generated by a %Cu nuclear spin I; induces singlet-triplet
excitation in a pair of Cu electron spins, which, in turn,
induces a hyperfine magnetic field on another %3Cu nuclear
spin I i» resulting in a Ruderman-Kittel-Kasuya-Yosida-like
indirect nuclear spin-spin coupling [32] between two %Cu
nuclear spins. In analogy, the oscillatory behavior of M(27)
below 50 K indicates that some of the Br sites form a
dimerized cluster linked by a Cu-Cu bond, as schematically
depicted with light green shade in Fig. 1(b). We conducted
preliminary spin echo decay measurements at %*Cu sites
[50], and confirmed that ®3Cu also exhibits a damped
oscillation with frequency @, similar to Cu,Sc,Mg,O3
(with comparable J ~ 260 K [51]). Therefore, we conclude
that the spin echo amplitude oscillations observed below
~50 K reflect the formation of Br-Cu-Cu-Br clusters,
which may be related to our prior observation of the
gradual emergence of Cu spin singlets below ~30 K [15].

In general, the oscillation of spin echo amplitude can
occur only if we use radio frequency pulses to flip a pair
of so-called like spins resonating at the same frequency
[34,35]; this means that we need to flip a pair of "’Br-""Br
nuclear spins, rather than a pair of unlike spins, "°Br-8'Br.
Since the natural abundance of Br is 51%, the maximum
possible oscillation amplitude is, therefore, 0.51M (27 = 0)
for Br NQR. Accordingly, F ~ 0.25 at 4.2 K implies that
the actual fraction of the "Br sites involved in the clusters
may be as large as F/0.51 ~0.5.

It is important to recall, however, that the oscillation
of M(27) at low temperatures persists many cycles with
little damping in the case of well-isolated spin dimers in
SrCu,(BO3), [30] and Cu,Sc,Mg,053 [31]. On the
other hand, M(27) observed for two-leg spin ladders in
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S1rCu, 05 [36] and Sri4Cuy4Oy4; [37] exhibits a Gaussian
form of decay without oscillations, despite the singlet
formation along the rung. This is because many spin
singlets are entangled along the legs, resulting in super-
position of many different oscillation frequencies a;;,
and their average becomes a Gaussian [34,35]. In other
words, if the spin singlets that emerge below ~30 K in
Zn-barlowite [15] are isolated in the present case [as in
SrCu,(BO3), and Cu,Sc,Mg,043], we expect a well
defined oscillation with little damping, whereas entangle-
ment of many singlets would lead to a Gaussian (as in
SrCu,05 and Sr;4Cu,yOy4;). The oscillation observed for
Zn-barlowite has a clearly defined frequency but with
strong damping and is somewhere between these two
extreme cases. This underscores the disordered nature of
the magnetic ground state in this material. Note that,
theoretically, both nearly isolated and entangled singlets
may coexist within a disordered kagome plane [26]. A
potential caveat of these arguments is that each °Br can, in
principle, form a large cluster and couple with up to six "’Br
sites within the same interlayer and an additional six "Br
sites in the two adjacent interlayers above and below, as
shown in Fig. 1(c). Simultaneous indirect couplings with
many "°Br sites would cause strong damping in the
oscillation. But diffraction experiments have not detected
evidence for such large cluster formation.

To summarize, we used "’Br NQR to demonstrate that
the lattice degrees of freedom in Zn-barlowite undergo
gradual freezing below J ~ 160 K. In the frozen state below
50 K, the lattice becomes static with additional structural
disorder at local levels. The oscillation of the spin echo
decay induced by indirect nuclear spin-spin interaction
indicates that up to ~50% of Br sites in the frozen state
are involved in structural dimer formation encompassing
Cu-Cu pairs. The strong damping of oscillation is incon-
sistent with completely isolated Cu spin dimers formed in
the kagome planes. On the other hand, a well-defined
period of oscillation suggests that Cu spin singlets are not
as strongly entangled as in two-leg spin ladders, which
exhibit Gaussian decay, instead. The mixed response that
we observed is consistent with the notion of closely
competitive states in Zn-barlowite that are strongly per-
turbed by local disorder.
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