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Magnetic resonance as a local probe
for kagomé magnetism in Barlowite
Cu,(OH)FBr
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. 7981Br-NQR measurements on polycrystalline samples of barlowite, Cu,(OH)¢FBr are conducted to study

. the magnetism and possible structural distortions on a microscopic level. The temperature dependence

. of the 7#1Br-NMR spin-lattice relaxation rates 1/T; indicate a phase transition at Ty~215 K which is of
magnetic origin, but with an unusually weak slowing down of fluctuations below Ty. Moreover, 1/T, T
scales linear with the bulk susceptibility which indicates persisting spin fluctuations down to 2 K.
Quadupolare resonance (NQR) studies reveal a pair of zero-field NQR- lines associated with the two
isotopes of Br with the nuclear spins of /= 3/2. Quadrupole coupling constants of v,~28.5 MHz and
24.7 MHz for 7°Br- and 8!Br-nuclei are determined from Br-NMR and the asymmetry parameter of the
electric field gradient was estimated to 7~ 0.2. The Br-NQR lines are consistent with our findings from
Br-NMR and they are relatively broad, even above T. This broadening and the relative large 77 value
suggests a symmetry reduction at the Br- site reflecting the presence of a local distortion in the lattice.
Our density-functional calculations show that the displacements of Cu2 atoms located between the
kagome planes do not account for this relatively large 7. On the other hand, full structural relaxation,
including the deformation of kagome planes, leads to a better agreement with the experiment.

. Magnetic frustration, the competing interactions between the spins enhances the quantum fluctuations and leads
© to exotic ground states and novel phases. One of the important manifestation is the formation of the quantum
. spin liquid (QSL) ground state', a highly entangled spin state without any symmetry breaking even at zero tem-
. perature. The important reported examples include the two-dimensional kagome lattice quantum magnet
Herbertsmithite ZnCu;(OH)¢Cl,>”7, the triangular lattice organic magnets k—(BEDT-TTF,Cu,(CN); and
EtMe,Sb[Pd(dmit),],%’, and three-dimensional hyperkagome iridate Na,Ir;O4'’. The quest for more experimental
QSL candidates has triggered the intense research in two dimensional kagome lattice systems with spin—%
connectivity.
Barlowite, Cu,(OH),FBris a structural analog of Herbertsmithite which recently has attracted much attention
as a geometrically perfect spin-2 kagome antiferromagnet due to an absent antisite disorder (Zn - Cu)t-te,
: Barlowite crystalizes in a hexagonal structure (space group P6/mmc) with lattice parameters a = 6. 6786 A and
© ¢~ 9.2744A. As shown in Fig. 1, crystallographically equivalent three Cu(1)**-ions in the chemical formula
. form the kagome layer in the ab-plane, whereas the fourth Cu(2)?*-ion in the chemical formula occupies the
inter-layer sites. The interlayer site is quite large and the fourth Cu(2)?*-ion occupies one out of the three possible
equivalent positions which might originate some local distortion of the lattice and a symmetry breaking.
: The lattice structure of barlowite is close to that of Herbertsmithite, but has a different stacking pattern of
. kagome layers because of the different bonding environment of halogen ions. In Herbertsmithite, Cl~- ions form
. both covalent and hydrogen bonds and this lead to a horizontal staggering of kagome layers. In the case of bar-
. lowite, Br~ forms six covalent bonds with Cu?*-ions whereas F~-ions form six hydrogen bonds and features a
. perfect alignment of kagome layers on top of each other. The magnetic exchange between the intralayer (Cul)
. and the interlayer (Cu2) Cu**-ions in barlowite is rather complex'?. The low temperature magnetism and in
© particular the magnetic order is determined by the presence of the interlayer Cu2 ions and their ferromagnetic
coupling to the intralayer Cul ions. In the antiferromagnetic kagome layer the Cul moments are highly frustrated
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Figure 1. The crystal structure of barlowite explaining the local environment of Br together with the intralayer
Cul- position and the distorted (three equivalent sites possible) interlayer Cu2- position.

with a rather high coupling constant of about 170 K. Canted antiferromagnetic order at Ty~ 15K is revealed
from bulk probes at small magnetic fields!! wheras at higher fields a significant ferromagnetic contribution is
observed in the bulk magnetization. Susceptibility measurements on polycrystalline material provides a large
antiferromagnetic Curie-Weiss temperature of 0y = —136 &= 10K with a small hysteresis in the magnetization
curve (see supplemental material). The possibility of a QSL ground state (of Cul Kagome moments) coexisting
with ordered Cu2 interlayer moments is discussed in the literatures'>!. Recent studies for barlowite on the Zn
substitution on the Cu2 site support this idea. Here magnetic order is suppressed and the fully substituted Zn bar-
lowite Cu;Zn(OH)FBr is considered as a QSL system!®~!8 very similar to the fully Zn substituted Herbertsmithite
Cu;Zn(OH)CL,.

The nuclear magnetic resonance (NMR) is a microscopic probe for static and dynamic magnetism and was
successfully applied on Herbertsmithite and its polymorphs!*-2! but so far due to the lack of sizable amounts of
pure polycristalline material no NMR study was conducted on barlowite. Whereas the moment transfer from the
magnetic ion originates the NMR shift K which provides information about the intrinsic static spin susceptibility
X(q =0, w=0) and the spin-lattice relaxation rate 1/T, supplies the information about excitations in particular
about the dynamic complex susceptibility x’(g, w). In this paper, we use magnetic resonance as a local probe for
magnetism and simultaneously for the local structure around the NMR active nuclei. In contrast to NMR studies
on herbertsmithite, barlowite contains a novel NQR nuclei (Br) which hosts a large quadrupole moment and
therefore allows for rather sensitive NQR studies as a measure of lattice distortions and to evidence the claim of
the perfect kagome motif. In general, the nuclear spin resonance spectra of nuclei with I > X contains additional
information (be51de the magnetic interaction mentioned before) due to the presence of the quadrupole interac-
tion. Here the I > 1 NMR active nuclei has a quadrupole moment which is exposed to the electric field of the
surrounding ions (f%‘equently modelled by the point charge model). Therefore the quadrupole interaction depend
in first place on the electric field gradient at the nucleus site (charge distribution around the nucleus) and the
quadrupole moment of the nucleus itself. As for NMR the main interaction is the magnetic one (Zeeman interac-
tion) and the quadrupole interaction is just a perturbatlon the NQR technique (at zero field) is more favorable to
probe the quadrupole interaction solely. Two I = -isotopes with 100% natural abundance in total and relatively
large quadrupole moments on both nuclei identifies Br- NMR and NQR as a powerful technique which is fre-
quently applied on quantum spin systems and other forms of matter?-*. Our Br magnetic resonance study pre-
sented here aims for the consistent determination of the quadrupole coupling constant v/ and the asymmetry
parameter 1) from NMR and NQR.

Results and Discussion

Figure 2 shows the field sweep 'H- and ’F-NMR spectra measured at a fixed frequency of 84.44 MHz for different
temperatures. No shift in the central peak position was observed for the 'H-line, whereas a small shift was found
for the *F-line. Both NMR lines show a significant broadening below 15K which is consistent with the magnetic
order at 15K (see supplementary materials Fig. S1)!!. The NMR Knight shift K(T) = [H,..— H"(T)]/H"(T) was
determined by measuring the resonance field of the sample, H"(T) as a function of the temperature with respect
to the nonmagnetic reference sample (resonance field H,.¢). The temperature-dependent K(T) of ’F line is pre-
sented in the Fig. 2(b). It shows a Curie-Weiss behaviour similar to the x(T) data (see supplemental material).
Generally, K( T) is directly proportional to the spin susceptibility (X)) and can be written as
K(T) = K, + X .,» Where K, is the temperature independent orbital (chemical) shift, N, is the Avogadro

number, and Ahf?s the hyperfine coupling constant between the '°F nucleus and the Cu*" magnetic moments. The
conventional scheme for calculating Ay is to take the slope of the K vs. x plot with T as an implicit parameter. As
shown in Fig. 2(c), the Kvs. x plot is fitted very well by a linear behaviour over a wide temperature range yielding
Ay~ 950 Oe/ i and Ky~ —0.05%.

The 'H- and YF-NMR lines were found to broaden monotonously upon lowering the temperature. The
'H-NMR line width Av = zl AH (defined as the full width half maximum, FWHM) as a function of temperature
is shown in Fig. 3. Av is increasing systematically with decreasing temperature and tracks the magnetic suscepti-
bility. For a comparison, in the same Fig. 3, x(T) measured at 2T is also plotted in the right y-axis. The NMR
spectral width has two major contributions, (i) the dipolar interaction between the nuclei and (ii) the dipolar
interaction of the 'H-nuclei with the neighboring Cu*" magnetic ions and can be expressed as, Av= Avy+ Avjio
The first term is a temperature and field independent contribution from the nuclear-nuclear dipolar interaction,
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Figure 2. Field-sweep 'H- and F-spectra of barlowite measured at v = 84.44 MHz at various temperatures (a).
YF-NMR shift as a function of temperature. Red solid line is the two Lorentzian fit (b). F-NMR shift versus
Xbulk plot with T as implicit parameter (solid line indicates the linear behaviour) (c).
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Figure 3. Temperature dependence of full width at half maximum (Av) of the 'H NMR spectra measured at
84.44 MHz (left axis) and magnetic susceptibility (x) measured at H=2T (right axis). The inset shows the line
width Av vs. x with temperature as an implicit parameter and the solid line is the linear fit.

whereas the second term is the powder average over the anisotropic dipolar interaction between the 'H-nuclei
and magnetic Cu®*-ions which is T- dependent. In an external magnetic field, this anisotropic coupling gives rise

to inhomogeneous line broadening which is proportional to the bulk magnetic susceptibility x(T). So one can
write as?%,

(Al/)aniso — AzX ~ <3L>
vy r’H

where v, = L:H denotes the 'H Larmor frequency for an applied external magnetic field H, A, is the average
dipolar coupfing constant between the 'H nucleus and magnetic Cu?" ions, and r is the average distance between
them. Finally, we can rewrite
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Figure 4. (a) ”°Br- and 8!Br-spectra of barlowite measured at = 84.44 MHz for different temperatures. (b) 7Br-
and #'Br-spectrum at T=30K together with a simulation (solid line, parameters see text). (c) Corresponding
NQR spectrum at T= 30K simulated with the same parameter as used for the NMR spectrum (solid lines and
dashed lines).

Av = Ay, + V—NAZHx.
2w

In the inset of Fig. 3 we plotted Av versus y with temperature as an implicit parameter and it follows a linear
behaviour. This linear Avvs. x is fitted by Eq. 1 and the obtained value of dipolar coupling constant A, ~10*cm?
corresponds to the field generated by the Cu?*-moments at an average distance of 3 A. This suggests that the inter-
action of the "H-nucleus with Cu?" moments is largely of dipolar origin.

Figure 4(a) shows the field sweep Br- NMR spectra measured at 84.44 MHz at different temperatures. Multiple lines
are found corresponding to both 7Br- and 8'Br- isotopes exposed to first- and second- order quadrupole interaction
and with powder averaged intensity. At high temperatures, Br- sites yield a complex NMR spectra consist of splitted
central lines with broad satellites. The central line arises from the (+§—> f%) transition split into two peaks due to the
combined effect of magnetic anisotropy and second order quadrupolar interaction. No significant shift was observed
with temperature, which reflects a weak transferred hyperfine coupling of the >#'Br nuclei with the Cu?* spins. The
spectra starts to broaden with decrease in temperature. Both 7Br- and 81Br- are quadrupole nuclei with nuclear spin
I= % and gyromagnetic ratio /27 = 10.666 MHz/T and 11.498 MHz/T, respectively. For a quadrupole nuclei, the
nuclear spin Hamiltonian can be expressed as a summation of the Zeeman inferaction and the quadrupole interaction
as H=Hy + Hg, where H; = —hIH,g represents the zeeman term and H, = TQ 3 — I+ 1) + Zln(lf - Ij) . H.;
is the effective field which is the sum of external field H and the hyperfine field Hy, at the Br site, v/,=3eQV_./2hI(2] - 1)
is the quadrupole coupling constant, V_, is the largest component of electric field gradient (EFG) tensor, and eQ is the
nuclear quadrupole moment. The EFG tensor is generally defined as V.| > |V,,| > |V,,| with n=(V,,— V,,)/V_, as the
asymmetry parameter’**!. When the quadrupole term in the Hamiltonian is weak compared to the Zeeman term, the
quadrupolar term modifies the NMR spectrum and can be treated as a first order perturbation. In this case, the position
of the central line (%<—> —1L transition) is determined by the applied magnetic field whereas the distance between the
satellite lines (corresponding to the —2 <> —1 and 2+ transitions) depend on the angle § between the magnetic field
direction and the direction of the maximum of the EFG component V.. When quadrupole effects are considered to
second order (and for axial symmetry), the central line position (in the absence of anisotropy) also depends on § and is
given by

o
y(i%)_VO ﬂ

I(+1) — %] (1 — cos®0) (9cos>0 — 1),

where 1, the Larmor frequency. For a randomly aligned polycrystalline sample the central line shape is the pow-
der average, resulting in two peaks corresponding to 6 ~ 41.8° and § ~ 90°*2

At 30K, the spectra was fitted reasonably well, taking into account the second-order quadrupolar perturbation
contribution. Figure 4(b) shows the measured spectra at 30K together with the theoretical simulation. The
parameters obtained are K, ~ —0.73%, K,, ~ 0.185%, =~ 0.2, and Vg =~ 28.5MHz for 7°Br line and

1S0 ax

Kigo 22 —0.74%, K, = 0.2%,7 ~ 0.2, and 1/, ~ 24.7 MHz for 81Br line. As both isotopes are exposed to the same

150
electric field gradient, the ratio ®v/*'v/, gives the ratio of their qudrupole moments.
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Figure 5. (a) The temperature dependent spin-lattice relaxation rate (1/T;) for 7’Br and ®Br in barlowite. The
red solid line corresponds T°°. The inset shows the ratio of the spin-lattice relaxation rates for 7Br and #'Br
measured at same external field. Horizontal solid lines indicate the corresponding ratio for pure quadrupolar
and pure magnetic relaxation mechanism. (b) Recovery of the longitudinal magnetization as a function of delay
time along with the theoretical fit (solid line) for three different temperatures. (c) Temperature dependence of
the stretch exponent (3 (see text).

Both the isotopes of bromine are quadrupole nuclei and have large quadrupole moment (?Q=10.33 x 10~ % m?
and 8'Q=0.28 x 10~ m?) and almost same natural abundance. For spin—% nuclei, which have two doubly degen-
erate energy levels,
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and the only one pure quadrupole resonance frequency can be obtained as vy = y(1 + n’l 3)%33. The NQR
spectrum measured at 30 K is shown in Fig. 4(c). We observed a broad spectrum which is the combination of two
lines at vyqp =28.3 MHz and 24.5 MHz corresponding to the 7Br and ¥ Br quadrupole resonance, respectively.
The ratio of the resonance frequencies and the intensities of the lines correlate well with the ratio of the quadru-
pole moments and the natural abundance for 7’Br and #!Br isotopes, respectively. The resonance frequencies are
also consistent with the parameter obtained from the NMR spectral simulation at 30 K.

Br atoms occupy the 2¢ position with the 6m2 symmetry in the hexagonal structure of barlowite, so their EFG
asymmetry should be zero. The non-zero 7 value is indicative of deviations from the hexagonal symmetry caused
by the displacement of Cu2 atoms away from the three-fold axis. The influence of this displacement on the electric
field gradient was explored by density-functional (DFT) calculations that arrived at = 0.08 for Br. Local dis-
placements of Cu2 may also affect the positions of other atoms, resulting in deviations from the average hexagonal
crystal structure. To gain further insight into these structural changes, we performed full relaxation and opti-
mized all atomic coordinates until energy minimum was reached. This led to two possible configurations (see
Methods) with slightly different 7’s of 0.12 and 0.18, both approaching the experimental =~ 0.2. We thus show
that the displacements of Cu2 do not account for the full experimental EFG asymmetry. The displacements of
others atoms contribute as well. The local structure of barlowite may not be well described by the average hexag-
onal model, a conclusion that goes in line with the very recent diffraction studies reporting orthorhombic sym-
metry of the crystal structure®*?>.

Insights into the spin dynamics can be obtained by measuring the spin lattice relaxation rates (1/T) as a function of
temperature. Br and ®'Br nuclear spin-lattice relaxation time T, were measured using a conventional inversion recov-
ery pulse sequence at 84.44 MHz (at 7.4T for 8'Br and 8.2 T for "°Br). Values of T; were obtained from fits to an appro-
priate relaxation function. The recovery of the longitudinal magnetization M(¢) at a time delay ¢ after the inversion pulse
could be fitted consistently with a single T; function; (1 — MDY _ 01 exp[—(t/ Tl)ﬁ ] + 0.9exp[—(6t/ Tl)ﬂ ], where

(s the stretch exponent. The temperature dependence of 1/T; is shown in Fig. 5(a). At high temperatures (T >20K),
1/T, is almost temperature-independent (in the paramagnetic regime) for both isotopes, which is often observed in a
system with localized moments when the temperature is higher than the exchange energy between the spins®®. With
decreasing temperatures, 1/T, shows an anomaly at Ty, ~ 15K associated with some sort of phase transition consistent
with the thermodynamic measurements'!. Below Ty, 1/T; decreases smoothly towards zero as a result of the disappear-
ance of the critical fluctuations in the ordered state. The overall behaviour of temperature dependence of 1/T) is similar
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Figure 6. The temperature dependence of 1/T, T for the ”Br line. The linear relation between 1/T, T and x with
temperature as an implicit parameter is shown in the inset.

for both the isotopes. In order to understand the relaxation mechanism, we have measured 1/T; for both isotopes at the
same applied magnetic field. In the case of a pure magnetic relaxation mechanism, the ratio of the relaxation rates
should be equal to the ratio of the squares of corresponding gyromagnetic ratio, ("y/%)*~0.85. Whereas, for a pure
quadrupole relaxation mechanism, the ratio of relaxation rates will be equal to the ratio of the squares of their quadru-
pole moments (Q/81Q)?*a21.425. In the inset of Fig. 5(a), we have plotted the ratio of relaxation rate of both isotopes,
7R/¥IR as a function of temperature, where R denotes the spin lattice relaxation rate 1/T;. It is observed that the ratio of
the relaxation rates are very close to the value ("7/%!7)? ~0.85 indicating the magnetic nature of the relaxation mecha-
nism. Nonetheless it has to be mentioned that the behaviour of 1/T in the ordered state is rather unconventional for a
bulk ordered antiferromagnet®” and the power law obtained (7°°) has a rather small exponent. A reduced power law in
1/T, was even found in Cl NMR on Herbertsmithite which does not show any long range order at all*®. Br NMR in
barlowite evidences a rather weak slowing down of critical fluctuations towards low temperatures. For Barlowite this
might indicates that only a fraction of Cu magnetic moments undergoes long-range magnetic order (f.i. interlayer Cu2
moments), or the ordered moment is rather small, and significant spin fluctuations persist in the ordered state. This is
also supported by the magnetization recovery (Fig. 5b). Very recent neutron diffraction studies on the barlowite also
support this scenario. Here, strong residue spin fluctuations, in the form of intralayer spin singlet formation due to the
structure distortion (both displacements of Cu2 and deformation of kagome planes), are reported below magnetic
transition at 15K*. For systems with unique and homogeneous relaxation rate, the value of the stretch exponent will be
[=1.In contrast, a reduced value of (<1) indicates a wide distribution of relaxation rates. As shown in Fig. 5(c), the
value of 3is close to 1 at higher temperatures, but it decreases with decreasing temperature below 20K. This behaviour
is frequently found for frustrated low dimensional quantum magnets where magnetic order competes with persistent
liquid like magnetic excitations®*2.

As shown in Fig. 6, the temperature dependence of 1/T, T gradually increases with decreasing temperature and
shows a steep up-turn below around 20 K. This up-turn in 1/T, T below 20K indicates the typical behaviour near
Ty due to the critical Cu?*t moment fluctuations. Frequently a scaling with the bulk susceptibility is observed®.
The spin-lattice relaxation rate probes the g- averaged low energy spin excitations and can be expressed in terms
of imaginary part of the dynamic spin susceptibility XI&(E’, wy) as

T N

2 =
1 ZWNkBZM(?)‘zX (q, Wo)’

7 “o

where the sum is over the wave vectors g within the first Brillouin zone, A(q’) is the form factor of the hyperfine
interactions as a function of g, and wj is the nuclear Larmor frequency*. In the strict (ferromagnetic) limit of
q=0 and w, =0, the real component of X1\,/1(7’ w,) corresponds to the uniform static bulk susceptibility x and
1/T,T  x7 with 7 being the on site fluctuation rate is valid*’. In the inset of Fig. 6, we show 1/T, T against x with
temperature as an implicit parameter. The linear relation between 1/T,T and x indicates a constant on site fluctu-
ation rate 7 over a wide range in temperature and even trough the transition. This reflects the fact that barlowite
is far from being a regular antiferromagnet in particular due to persisting magnetic fluctuations down to low
temperatures. It still remains an open question what kind of magnetic order occurs in barlowite below 15K, and
if all Cu moments are part of that order or if for instance only the inter layer Cu2 moments participate and the
Cul moments in the kagome plane remain fluctuating and spin liquid like towards low temperatures. This sce-
nario is supported by the small entropy found across the transition and the small saturation moment'®.
Furthermore there are ferro and antiferromagnetic exchange couplings among the two different Cu moments
accompanied by a lattice anisotropy'2 The static and dynamic (this means excitations) magnetism in barlowite is
far from being understood and there is a strong demand for other local probes like neutron scattering or spin
Muon resonance (SR) and for studies on single crystals. As for all herbertsmithite relatives (like barlowite or
kapellasite) and planar kagome-like minerals (like volborthite or vesignieite) a combination of local probes is
required to disentangle between spin freezing, long-range order and the QSL ground state (see review of P.
Mendels and S. Willis?!).
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Summary

In conclusion, we investigated the magnetism in the spin-L quantum magnet barlowite Cu,(OH)4FBr via the
microscopic NMR and NQR techniques. 'H, 'F, and 78Br NMR measurements are performed in a wide temper-
ature and field range together with Br NQR measurements. 'H and '°F NMR results reveal well defined NMR lines
and hyperfine coupling parameters. A broadening of the line width of the 'H, 'F, and *%'Br NMR lines indicate
some form of order below 15 K. Spin lattice relaxation rate measurements performed on both Br isotopes reveal a
kink which probably indicate magnetic ordering at T; = 15K and which is solely magnetic in origin. The temper-
ature dependence of the spin lattice relaxation rate below 15K is rather weak (7% power law) and evidences
persisting magnetic fluctuations even in the ordered state. NMR studies on single crystals together with inelastic
neutron studies would be required to probe the complex magnetic structure below 15K. Furthermore we per-
formed a comparative NMR and NQR study on both Br isotopes. We have observed a pair of NQR lines corre-
sponding to the 7%1Br nuclei and in good agreement with the complex Br NMR spectra obtained. From our 7*%1Br
NMR and NQR measurements, we obtain an asymmetry parameter of the electric field gradient  ~ 0.2 and the
quadrupole coupling constants 1/, ~ 28.5MHz and 24.7 MHz for ’Br and ®'Br nuclei, respectively. The broad
NQR spectrum observed at 30K and the relatively large electric field gradient indicate a symmetry reduction at
the Br site which can not be explained by the displacements of Cu2 alone and indicates salient deviations of the
barlowite structure from the hexagonal symmetry. Magnetic resonance studies on various nuclei in barlowite
evidence that the Cu moment arrangement is far from perfect and that the magnetic excitations are unconven-
tional in nature.

Methods

Polycrystalline samples of Cu,(OH).FBr were synthesised by hydrothermal reaction. Copper carbonate hydroxide
CuCO;.Cu(OH),, ammonium fluoride NH,F, and Hydrobromic acid HBr were used as starting materials and
sealed in a Teflon-lined stainless steel vessel. The reaction mixture was heated at 393K for 4 days and then cooled
down to room temperature. Blue-green powder of Cu,(OH),FBr were obtained after filtration and no foreign
phases were observed in x-ray diffraction.

Polycrystalline barlowite samples of a few 100 mg are studied through 'H-, F-, and 7 Br-NMR measure-
ments. NMR measurements were performed using a home-built Techmag Apollo spectrometer with a standard
local probe and a sweepable superconducting magnet. Field sweep NMR spectra were obtained by the integration
of spin echo signals at a fixed frequency. Br-NQR spectra were measured using a frequency step point-by-point
spin-echo technique. At each frequency point, the area under the spin-echo real part was integrated after proper
phase adjustment in the time domain. Nuclear spin-lattice relaxation rates were measured using a standard inver-
sion recovery method, where the nuclear magnetization M(t) were obtained from the recovery of the spin-echo
magnitude as a function of the time interval 7 between the inversion pulse (7 pulse) and the 7/2 — 7 spin-echo
sequence.

Density-functional calculations were performed in the full-potential local-orbital FPLO code*® using the
Perdew-Wang flavor of the exchange-correlation potential*. Electric field gradient on the Br site was computed
using the internal procedure of FPLO. First, calculations were performed for the experimental atomic positions*
with Cu2 atoms placed into one of the three symmetry-related sites around the three-fold axis. This reduced the
symmetry to monoclinic C2/m. Additionally, full structural relaxation was performed, resulting in two minima
with nearly equal energies (energy difference of less than 1 meV/f.u.) and different mutual arrangement of the
Cu2 atoms. The relaxation introduced deviations from the three-fold symmetry not only at the Cu2 sites, but for
all atoms throughout the structure leading to the overall monoclinic symmetry.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.
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