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Nonlocal Effects of Low-Energy Excitations in Quantum-Spin-Liquid Candidate
Cu3Zn(OH)sFBr
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We systematically study the low-temperature specific heats for the two-dimensional kagome antiferromagnet,
CusZn(OH)eFBr. The specific heat exhibits a 77 dependence at low temperatures and a shoulder-like feature
above it. We construct a microscopic lattice model of Z> quantum spin liquid and perform large-scale quantum
Monte Carlo simulations to show that the above behaviors come from the contributions from gapped anyons and
magnetic impurities. Surprisingly, we find the entropy associated with the shoulder decreases quickly with grain
size d, although the system is paramagnetic to the lowest temperature. While this can be simply explained by
a core-shell picture in that the contribution from the interior state disappears near the surface, the 5.9-nm shell
width precludes any trivial explanations. Such a large length scale signifies the coherence length of the nonlocality
of the quantum entangled excitations in quantum spin liquid candidate, similar to Pippard’s coherence length
in superconductors. Our approach therefore offers a new experimental probe of the intangible quantum state of

matter with topological order.

DOI: 10.1088,/0256-307X/38/9/097501

The pursuit of quantum spin liquids (QSLs) has
becoming one of the main themes in condensed mat-
ter physics and quantum material research, although
by now few successes have been achieved.[!] The cen-
tral idea of a QSL lies in the fact that it is a quantum
paramagnet with an anomalously high degree of en-
tanglement, characterized by the nonlocal nature of
the fractionalized excitations therein.' = Although
of fundamental importance, these nonlocal effects are
extremely hard to identify experimentally, this is be-
cause most of the experimental techniques only mea-
sure symmetry-breaking and local objects and thus
can only probe QSL physics indirectly.l"?) Due to such
indirectness, these experimental results in turn require
precise theoretical modeling and calculations of frus-
trated quantum magnets to nail down the underlying
physics, which is also very hard to achieve due to the
lack of controlled quantum many-body computation
methodologies for such strongly correlated systems.

These difficulties force one to think of experimental
probes that can directly measure the nonlocal excita-
tions of a QSL material as the cases in the fractional
quantum Hall effect.[®7] Inspired by Pippard’s coher-
ence length for superconductors originated from the
nonlocal response of Cooper pairs,!®! in this work, we
have succeeded in probing a similar length scale ex-
isting for the nonlocal excitations of a QSL candidate
material from nanoscale sample heat capacity mea-
surements.

The material CuzZn(OH)gFBr studied here be-
longs to the Cuy_,Zn,(OH)gFBr system, which has
the Cu?T ions with S = 1/2 forming two-dimensional
(2D) kagome layers. The z in the molecular for-
mula denotes the content of Zn?* ions that substi-
tute Cu?" ions between the kagome layers. The
barlowite Cuy(OH)gFBr shows an antiferromagnetic
(AFM) order at ~15K.[°"1 The long-range AFM
order disappears above x ~ 0.4 while the short-
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range magnetic correlations from the interlayer spins
can survive up to 0.82.[10:1213] Experimental stud-
ies on CuzZn(OH)gFBr reveal typical fingerprints for
a QSL in kagome antiferromagnet, including no
long-range order down to 50mK although its ex-
change interactions are about 200 K, the gap behav-
ior of the NMR Knight shift, and spin continuum
in neutron spectra which also suggest the existence
of a gap.['>1% These results make CuzZn(OH)FBr
a promising candidate as a QSL with a Z topo-
logical order.['”) However, as in its siblings herbert-
smithite ZnCuz(OH)gCly and Zn-doped claringbullite
CuzZn(OH)gFCL,1418=26] a]] the experimental results
are obtained from local probes and the identification
of the nonlocal excitations and entanglement therein
are inferred indirectly. A direct observation of the
nonlocal behaviors is critically in need to rule out al-
ternative possibilities.

In this work, we study the specific heat of
Cu3Zn(OD)eFBr, which shows a shoulder at low tem-
peratures followed by a quick drop with decreas-
ing temperature. While this behavior resembles the
gap behavior for its low-energy excitations, a power-
law temperature dependence is found when T goes
to zero. We theoretically show that this behavior
can be understood by the couplings between the vi-
sons and magnetic impurities. Moreover, the low-
temperature specific heat from kagome planes shows
a strong grain-size dependence, which leads to a large
length scale of about 5.9 nm within a simple core-shell
picture. This means that the low-energy excitations in
CusZn(OH)gFBr should have a coherence length due
to their nonlocality, consistent with the existence of
visons.

Polycrystalline CuzZn(OD)gFBr (Cu3Zn) were
synthesized by the hydrothermal method as reported
previously.l'?) Here deuterium was used for measur-
ing the specific heats below 1.8 K due to its smaller
nuclear Schottky anomaly. The samples were ground
by hand in an agate mortar to obtain different grain
sizes. The sizes of the grains were directly measured
by a transmission electron microscope (TEM). The
samples were pressed into small pellets, whose specific
heats were measured on a physical properties measure-
ment system with the dilution refrigerator (Quantum
Design, 9T).

We also constructed a microscopic model on the
kagome lattice which is well-known for having a Z,
quantum spin liquid ground state.l?”=33] The kagome
Zo state in this model acquires both spinon and vi-
son anyonic excitations. We add impurities to the
model and couple the impurity to the kagome plane
which is inside the quantum spin liquid ground state,
the coupling is strong in the S* channel which has
been proven to probe the vison-pair excitations, 233
i.e., the coupling connects the impurities with the
vison excitations of the quantum spin liquid. We
then compute the specific heat of the coupled system

with exact unbiased quantum Monte Carlo (QMC)
simulations,?32:33] hoth with and without external
field, to explain the experimental findings.

Figure 1(a) shows the temperature dependence of
the specific heat of the as-grown Cu3Zn sample, la-
beled as “bulk”, which has typical grain sizes of sev-
eral micrometers. With decreasing temperatures, the
specific heat exhibits a shoulder around 4 K. The en-
tropy released below 6 K is about 2.5 J/mol-K, which
is larger than 0.4RIn2 and should mainly come from
the low-energy magnetic excitations of the kagome
lattice as the phonon contribution here becomes
negligible.2934 As previous studies have suggested
the gapped magnetic ground state for Cu3Zn,!>16]
one expects that the gap behavior should also be
observed in the specific heat. Instead, as shown in
Fig. 1(a), a power-law temperature dependence of the
specific heat is found, i.e., C' o T%, with the expo-
nent o ~ 1.7 which decreases slightly with increas-
ing field. These results are very similar to those in
herbertsmithitel?”! and indicate that the magnetic ex-
citations are gapless.
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Fig. 1. (a) The specific heat of bulk Cu3Zn as a function
of the temperature at different fields. The dashed line
shows the T17 temperature dependence. (b) The tem-
perature dependence of AC/T. The solid lines are fitted
results by the Schottky-anomaly function as discussed in
the main text. (c) and (d) The field dependences of N and
Ap in the Schottky-anomaly function, respectively.

The seemingly contradicting conclusions for the
gapped nature of the magnetic ground states have also
been found in the studies on herbertsmithite.['8—25]
There are proposals that the kagome antiferromagnet
could be a gapless Dirac spin liquid,*®! but the power-
law of specific heat we observed does not fit into this
picture since both the exponent and the field depen-
dence differ from the expectation of the Dirac spin
liquid. From the gapped picture, the low-temperature
specific heat has been explained as the simple sum
of the gapped excitations from the kagome planes and
the contribution from inter-kagome Cu?* ions as mag-
netic impurities.['®22) The essence in this scenario is
that the magnetic impurities are only weakly corre-
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lated with each other and have no interactions with
the kagome spins. This means that the contribution
from the magnetic impurities should be easily pushed
to high temperatures with the application of a mod-
erate magnetic field and a gapped behavior should be
then revealed, which was however not observed in the
experiment. (20]

Here we take the viewpoint that, although kagome
spin system of Cu3Zn is gapped, the interactions be-
tween the intra- and inter-kagome spins have to be
taken into account to understand the low-temperature
specific heat. First, we illustrate that it is not correct
to view the magnetic impurities as only weakly cou-
pled. As suggested previously,?”) the specific heat of
weakly coupled magnetic impurities can be derived
by fitting the difference of the total specific heat C
between field B and zero field by the Schottky func-
tion, i.e., AC = Csu(B) — Csu(0), where Csp(B) =
NR(A/ksT)? exp(A/ksT)/[1 + exp(A/ksT)]? with
A = Ag + gupB for spin 1/2. Here N and A, are
the number of magnetic impurities and intrinsic en-
ergy level at zero field. Figure 1(b) shows the fitting
results for AC/T, which suggests that the Schottky
function indeed captures the essence of the field de-
pendence of the specific heat. However, both N and
Ay show strong field dependence [Figs. 1(c) and 1(d)],
which is odd especially for N as it has been used to
determine the impurity concentration.!20-16]

The above results suggest that magnetic impuri-
ties cannot be simply treated as weakly correlated.
We will show that the above results can be under-
stood as from the gapped Z; QSL and the interplays
between the impurities and the kagome spins. To
this end, we constructed a microscopic kagome lat-
tice model which is known to host Zs QSL ground
state.?7=2936] The model is described in Fig.2(a).
The two types of anyonic excitations in the system
are spinon and vison, with a gap of scale of J, ~ 1
and J2y/.J, ~ 0.01, as shown in our previous work.[??
To mimic the impurities, we further introduce spin-
1/2 at the center of the triangles of the kagome lat-
tice with 1/9 concentration, as shown in Fig.2(a).
We couple the impurities to the kagome plane as fol-
lows: Hipmyp = JE@-J-), S;-S;+HY,S?, where J is
the strength of antiferromagnetic heisenberg interac-
tion, (- --)’ means the interaction between the impurity
spins and the spins in a triangle of the kagome plane
and H is the longitudinally magnetic field for the total
spins.

Without the impurity, the low-temperature spe-
cific heat of the Z3 QSL model can be well fitted by
a gap function C oc T texp(—A/T), as shown in
Fig.2(b). With the impurities, the gap behavior is
replaced with the power law T with a changing from
1.82 at zero field to 1.9 at H = 0.04J,. We found that
at J = 0.05J,, the obtained « is the closest to the
experimental value. Increasing J will increase a, e.g.,
a = 2 for J = 0.1J,. The difference of C/T between

field H and zero field is shown in Fig. 2(c) and can be
well fitted by the Schottky anomaly function.

We note that for the Z; QSL in our model study,
the specific heat of spinons shows a large hump
at high temperature and is not shown here. The
hump at low temperature comes from the visons.
In Cu3Zn, the spinon and vison gaps may be much
closer,['5:16] 5o both of them should contribute to the
low-temperature specific heat. In fact, our model sim-
ulation of the impurity on Zy QSL provides a qualita-
tive understanding of the mechanism for the same cou-
pling of impurities to the QSL in the actual material,
which nicely capture the key features of the experi-
mental low-temperature specific heat. It suggests that
the interplay between the gapped topological anyons
and magnetic impurities is crucial for the power-law
and field-dependence behaviors of the specific heat.

° Pure, H=0T

o Imp, H=0T
& TImp, H=0.04T
1 1 78 il 1 1
0.001 0.01 0.001 0.01 0.1
T/J, T/J.

Fig. 2. (a) Schematic diagram for the BFG model with
1/9 magnetic impurities (red dots). (b) Calculated low-
temperature specific heat for the BFG model without
(pure) and with (imp) impurities. The straight lines are
fitted by the power function. The solid line for the pure
sample is fitted by the gap function. (c) The difference of
AC/T between field H and zero. The solid line is fitted
by the Schottky anomaly function.

The above analysis, of course, only shows that the
gapped anyons can explain the low-temperature spe-
cific heat, not vice versa. To truly reveal the un-
ambiguous topological nature of the low-energy ex-
citations from the gapped QSL, we further study the
size dependence of the specific heat in Cu3Zn. After
ground, the samples are thin plates with the thickness
along the c-axis. While the thickness cannot be iden-
tified, its value is not concerned here since the spin
system is 2D. With high-quality TEM images, we are
able to determine the size d of the plates and to ob-
tain the size distribution. Figure 3(a) shows the result
for the samples with the smallest average size, which
can be fitted by the lognormal distribution function,
P(d) = Ae” M) /29" 1\ /Arwd, where de and w are
the mean value of the size and log standard deviation,
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respectively. We apply this analysis to all samples and
show their d. and w in Fig. 3(b).

The low-temperature specific heat of all the sam-
ples at 9T are shown in Fig. 3(c). Here the 9-T mag-
netic field is used to minimize the effects from mag-
netic impurities and really weakly correlated spins
(such as orphan spins and surface spins) as much as
possible, whose contributions are mostly pushed to
high temperatures by the field. Figure 3(d) shows
the 1/d. dependence of the entropy change AS from
2K to 4K, where the major contribution is from the
low-energy magnetic excitations from the kagome spin
system. It is clear that AS strongly depends on the
size of grains.
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Fig. 3. (a) Size distribution for a selected ground sam-
ple with the smallest average size. The solid line is fitted
by the lognormal function. (b) The relationship between
w and 1/dc. The errors are from the lognormal fitting.
The solid line is the fitting result of a polynomial func-
tion, which is only used for calculating the parameter w
in Eq. (1) for the purpose of getting a smooth curve. (c)
The C/T at 9T as a function of temperature for differ-
ent sample. The values of the labels are dc. (d) The
1/dc dependence of the entropy change from 2 to 4 K. The
horizontal bars are calculated from the log standard devi-
ation w of the lognormal function. The left inset shows a
sketch of a two-dimensional circular sample with the diam-
eter of d, whose surface area with the thickness of £ does
not contribute to the low-temperature specific heat. The
right inset illustrates that the surface state (black lines)
exponentially decays into the sample’s interior and in the
meantime, the interior state (purple lines) quickly drops
to zero near the surface.

This behavior can be simply understood as the
core-shell effect, which assumes that the shell has dif-
ferent properties from the core, as shown in the inset
of Fig.3(d), and thus does not contribute to the low-
temperature specific heat anymore. Supposing that
the surface state exponentially decays into the core as
~e~*/¢ the contribution from the core is proportional
to 1 — e~*/¢. Integrating the latter in two dimensions
gives the fraction of the specific heat of the core as
f(d) = [1 — 2(1 — e %/?)]2. To account for the size
distribution, we can further write down the following

function,

[5° P(x) f(x)z%dax

C: Cu - o 0 9 1
(Chuik — Yo) = P(x)ds +v0, (1)

where Chyik is the specific heat for the as-grown sam-
ple and yg is introduced for the specific heat that has
no size dependent. Since w in the P(z) is calculated
accounting to the polynomial fitting in Fig.3(b), the
fitting parameters in Eq. (1) are just £ and yo. The
sold line in Fig.3(d) gives the fitting result, which
gives ¢ =~ 5.9nm. This length scale corresponds to
about 9 in-plane lattice constant, or 18 nearest Cu—Cu
distance. We note that the fitting can be further im-
proved with more carefully considering the size distri-
bution. Moreover, effects such as local lattice distor-
tions may further affect the determination of £&. How-
ever, the key result here is that the value of ¢ is still
much larger than the Cu-Cu distance.

The core-shell model has been widely ap-
plied in studying the ordered magnetism in
nanoparticles,/3”3%! where the major idea is that the
effect of uncompensated surface spins may extend into
the core state and even cause fundamental change of
ordered spin systems. However, for a trivial paramag-
netic state, the effect of surface spins should be limited
within a very short distance.[?”] Therefore, the large
size dependence of the low-temperature specific heat
in Cu3Zn suggests that the low-energy excitations are
strongly correlated as if there is some kind of order,
which must have a nontrivial origin.

We recall that in superconductors, a similar core-
shell picture applies for the Pippard’s coherence
length.®) The underlying physics is that there is a
minimum length over which a given change of the su-
perfluid density of Cooper pairs can be made. This
means that a layer with the thickness of the coher-
ence length exists at the surface of a superconductor
for the crossover from the superconducting state to
the normal state or vacuum. The coherence length is
in the order of v/A, where v and A are the Fermi
velocity and superconducting gap, respectively. This
comes from the nonlocal effects of Cooper pairs and
thus the coherence length defines the intrinsic nonlo-
cality of the superconducting state.

We argue that the length scale £ obtained in
Cu3Zn should also come from the nonlocality of the
low-energy excitations in the QSL state. Similar to
superconductors, the emergent nonlocal excitations
in QSLs may also have coherence lengths that de-
fine their nonlocality. It has been pointed out that
real-life s-wave superconductors have a Zs-topological
order,**041 and mean-field theories of Z, QSLs de-
scribe them as superconducting states of fermionic
spinons, and the counterpart of Pippard’s coherence
length is the span of spin-singlet pairs in the resonant-
valence-bond (RVB) picture.l*?l As suggested by pre-
vious results,'>16 Cu3Zn is a strong candidate for
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a Zy QSL or topological order. Considering that
J ~ 10meV, it may give rise to a spin velocity in
the order of 10meV-A and thus a gap in the order
of 0.1meV for a coherence length of 100 A. This gap
value is consistent with the value estimated from the
low-temperature shoulder of the specific heat. While
the above arguments are reasonable for Zy QSLs, it
is hard to apply them to U(1) QSLs with gapless ex-
citation, since in mean-field theories, U(1) QSLs are
described as metals, instead of superconductors, of
spinons, and therefore do not have a coherence length.
We also note that there is an alternative explanation
to the large shell region, i.e., the shell region may be
in a valence-bond solid phase with a much larger gap.
However, this description also requires nonlocality of
the system.

In the end, we give a brief discussion on the na-
ture of the low-temperature specific-heat shoulder in
Cu3Zn. Numerical simulation revealed that the shoul-
der in kagome antiferromagnet mainly comes from
singlet-singlet excitations.[>* These S = 0 excitations
could be either trivial or non-trivial and the latter are
visons,!*3! which should show nonlocal effects because
of their nonlocal topological nature. We note that yg
in the above fitting is about 0.45J/mol-K, which is
too large to be explained as phonons and may come
from the trivial sector of the S = 0 excitations. Never-
theless, the strongly size-dependent part of the specific
heat may come from vison excitations, since we expect
this contribution to vanish in the shell region because
vison excitations, which can be viewed as vortices if
the Z; QSL is viewed as a superconductor, cannot
exist in the shell region within Pippard’s coherence
length.

Overall, our results put strong constraints on the
nature of the ground state for Cu3Zn. We believe
that the grain size thermodynamical measurements
and analysis in this work open the avenue for direct
measurements of the quantum entanglement in topo-
logical ordered states of matters and the concept of
coherence length may provide a bulk property to ad-
dress the ground-sate nature of the topological orders,
as in superconductors.

S. Li thanks Professor Yi Zhou, Professor Guodong
Li and Professor Zheng Li for helpful discussions.
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1 TEM results

Figure S1(a) shows a TEM image of as-grown bulk sample. Figure
S1(b) shows a TEM image of the 6.8-nm sample. Here the notion ”6.8-nm”
represents the value of d. obtained from the lognormal fitting in Fig. 3(a) in

the manuscript. All the particles are thin plates with c-axis vertical to the
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K] S1: (a) The TEM image for the as-grown bulk sample. (b) One of
the TEM images for the 6.8-nm sample. The short red lines are guides to

measure the mean diameters.

plane. As noted in the manuscript, we can ignore the c-axis thickness as the
system is essentially 2D. The mean diameter of a single particle that can be
visually identified is directly estimated from the image as shown by the red
lines. We note most particles are still attached to each other and cannot
be identified, but statistically, the particles that can be separated can still
be counted to represent the actual size distribution. The size distributions
of all samples are shown in Fig. S2 except for the 6.8-nm sample, which
has already been shown in Fig. 3(a) in the manuscript. While all the data
can be fitted by the lognormal function induced in the manuscript, some
deviations can be observed. For example, there are smaller-size particles
below 5 nm for the 18.3 nm sample. Nevertheless, the lognormal function

still provides a good estimation on the distribution of the size.

2 EDX and XRD analysis

One possibility that may affect our results is that the ratio of Cu:Zn may
change or a secondary phase may be created during the grinding process.
To rule out this possibility, we have carried out the Energy-dispersive X-ray
spectroscopy (EDX) measurements on the bulk and the 6.8-nm samples. A
typical EDX spectrum is shown in Fig. S3(a), where the spectra of five
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elements can be seen. However, the oxygen peak is strongly contaminated
by the air so only the data for Cu, Zn, F and Br are reliable. Figure S3(b)
shows the comparison for the results of these two samples, each of which
has been measured at 25 different positions. It is clear that the no change
of these four elements can be distinguished between two samples. Figure
S3(c) further shows the relationship between the Cu and Zn contents, which
demonstrates that the ratio between Cu and Zn does not change with same
size. It should be noted that the ratio between Cu and Zn is larger than
1 as the EDX cannot precisely determine this value. However, the EDX
method should still be able to detect any change of this ratio. These results
also indicate that there should have no secondary phase created during the
grinding process.

Figure S4 shows the XRD patterns for the bulk, 16.1-nm and 6.8-nm
samples. It is clear that the crystal structures have not changed but the
peaks become broader due to the reduction of the sample sizes. In principle,
we can also determine the average grain size by the uniform deformation
model (UDM) for the Williamson-Hall method. The basic idea is that the
full width at half maximum (FWHM) A#@ of the Bragg peaks has the fol-

lowing relationship with the sample size d and the intrinsic strain e,

Afcost = % + 4esinf (1)

where )\ and 6 are the x-ray wavelength and the Bragg angle, respectively.
While we found that the average size d can be indeed obtained by this
method, its value is typically several times larger than that determined
from the TEM results.

3 Entropy in Cu3Zn

In Fig. 3(c) of the manuscript, we have shown that the low-temperature
specific heat significantly decreases with decreasing size. It seems that the
entropy has been lost during the grinding process. However, this is not true
since the specific heat above 10 K increases with deceasing size. To see

this more clear, the specific heat of the Cu3Zn bulk and 6.8-nm samples
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K] S6: The temperature dependence of magnetic susceptibility x for Cu3Zn

bulk and 6.8-nm samples.

are integrated from 40 K down to lowest temperature measured, as shown
in Fig. S5. To account for the error that may come from measuring the
mass, we have normalized the specific-heat values of the 6.8-nm sample by
a factor of 1.02 to make the high-temperature data around 40 K of the two
samples collapse with each other. It is clear that there is no significant
difference for the total entropy, which means that there is no entropy loss.
Rather, the entropy moves to higher temperature for the 6.8-nm sample.
One possibility is that the low-temperature specific heat of the core is the
visons, whose energies are lower than those of the S = 1 excitations in both
the core and the shell. Or it is also possible that the shell state is in the
VBS state and thus have a larger energy gap that push the excitations to

higher energies. In any case, the entropy in Cu3Zn is conserved.

4 Magnetic susceptibility

In ground samples, the low-temperature magnetic susceptibility x also
increases with decreasing size. Figure S6 shows the temperature dependence

of x for the bulk and 6.8-nm samples. The change of the Curie constant



from the bulk to 6.8-nm samples is about 0.025 emu/mol Cu?*, which cor-
responds to about 6.7% of free spins with g-factor as 2. Assuming that
these free spins come from the shell and just using the average size d. for
simplicity, we can derive a shell thickness of just about 0.12 nm, which is
way below the value of £ ~ 5.9 nm obtained from the specific heat mea-
surement. This means that weakly free spins, which should contribute to
the low-temperature magnetic susceptibility with the Curie-Weiss behavior,

should be limited on the surface of the nano-particles.



