aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Correlated impurities and intrinsic spin-liquid physics in the
kagome material herbertsmithite
Tian-Heng Han, M. R. Norman, J.-J. Wen, Jose A. Rodriguez-Rivera, Joel S. Helton, Collin
Broholm, and Young S. Lee
Phys. Rev. B 94, 060409 — Published 18 August 2016
DOI: 10.1103/PhysRevB.94.060409


http://dx.doi.org/10.1103/PhysRevB.94.060409

Correlated impurities and intrinsic spin liquid physics in the kagome material
Herbertsmithite

Tian-Heng Han,»'2 M. R. Norman,' J.-J. Wen,®>* Jose A. Rodriguez-Rivera,> 6
Joel S. Helton,”® Collin Broholm,®?® and Young S. Leef3*

! Materials Science Division, Argonne National Laboratory, Argonne, IL 60439
2 James Franck Institute and Department of Physics, University of Chicago, Chicago, IL 60637
I Department of Applied Physics, Stanford University, Stanford, CA 94305
4 Stanford Institute for Materials and Energy Sciences,

SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025
SNIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
Department of Materials Science, University of Maryland, College Park, Maryland 20742
"Department of Physics, The United States Naval Academy, Annapolis, MD 21402
8 Institute for Quantum Matter and Department of Physics and Astronomy,

The Johns Hopkins University, Baltimore, MD 21218
(Dated: July 29, 2016)

Low energy inelastic neutron scattering on single crystals of the kagome spin liquid compound
ZnCu3(OD)eCly (Herbertsmithite) reveals antiferromagnetic correlations between impurity spins
for energy transfers hw < 0.8 meV (~J/20). The momentum dependence differs significantly from
higher energy scattering which arises from the intrinsic kagome spins. The low energy fluctuations
are characterized by diffuse scattering near wavevectors (100) and (002), which is consistent with
antiferromagnetic correlations between pairs of nearest neighbor Cu impurities on adjacent trian-
gular (Zn) interlayers. The corresponding impurity lattice resembles a simple cubic lattice in the
dilute limit below the percolation threshold. Such an impurity model can describe prior neutron,
NMR, and specific heat data. The low energy neutron data are consistent with the presence of a
small spin-gap (A ~ 0.7 meV) in the kagome layers, similar to that recently observed by NMR. The
ability to distinguish the scattering due to Cu impurities from that of the planar kagome Cu spins
provides a new avenue for probing intrinsic spin liquid physics.

PACS numbers: 75.40.Gb, 75.50.Ee, 78.70.Nx

The synthesis of ZnCus(OH)gCly [1] (Herbertsmithite)
was a watershed in the field of frustrated magnetism. The
spin 1/2 states on the Cu sites, which sit on a kagome
lattice, are characterized by a sizable superexchange in-
teraction of about 200 K, but the spins do not order or
freeze down to the lowest temperatures measured, sug-
gesting that the ground state is a quantum spin liquid
[2, 3]. However, in order to properly classify the ground
state, a more detailed understanding of the low energy
properties is required. Leading theoretical work, such as
density matrix renormalization group calculations of the
Heisenberg model for S=1/2 spins on a kagome lattice
[4-6], indicates the ground state is a topological spin lig-
uid with a spin gap that is small relative to the exchange
energy J.

One challenge in determining the intrinsic low energy
properties is a small fraction of Cu impurities in the sam-
ples. The bulk spin susceptibility exhibits a diverging
Curie-like tail, an indication that some of the Cu spins
act like weakly coupled impurities. This is also consistent
with low temperature specific heat data [2]. The nature
of these defects has been a substantial controversy in the
field [3, 7]. However, the advent of high quality single
crystals has led to a qualitative improvement of our un-
derstanding of Herbertsmithite [8]. Single crystal NMR
[9] and resonant x-ray diffraction [10] data have shown

that the impurities are 15% Cu on triangular Zn inter-
sites while the kagome planes are fully occupied with Cu.
Moreover, recent NMR, data indicate the kagome spins
possess a spin gap of ~0.9 meV [11], implying that the
divergent response seen in the dynamic spin susceptibil-
ity below 1 meV [12] is due to impurities. Since neutron
scattering is non-selective in regards to the copper spins,
low energy scattering from impurities may obscure the
intrinsic response of the kagome spins below the gap en-

ergy [13].

Here, we report high resolution inelastic neutron scat-
tering measurements on single crystals which allow us to
distinguish the scattering from impurity spins from that
of the intrinsic kagome layer spins. Experiments were
performed using the upgraded Multi-Axis Crystal Spec-
trometer (MACS) at NIST. A pumped helium cryostat
cooled the sample to T" = 2 K. The final analyzed neu-
tron energy was Ey = 3.7 meV with an energy resolu-
tion of 0.15 meV (full-width at half-maximum). Cooled
polycrystalline Be and BeO filters were in place before
and after the sample, respectively. Single crystals of
deuterated Herbertsmithite were prepared as previously
reported [13]. Fifteen of the largest pieces were co-aligned
on an aluminum sample holder, yielding a total mass of
1.2 grams with an overall sample mosaic of ~ 2°. The
background was measured with the empty sample holder
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FIG. 1: (color online) Inelastic neutron data on Herbertsmithite in the (HKO) scattering plane at 7' = 2K for (a) hw = 0.4 meV
and (b) iw = 1.3 meV. Data taken in the (HHL) scattering plane for (d) iw = 0.4 meV and (e) iw = 1.3 meV. The bright
spots at (110) and (003) arise from structural Bragg peaks. The diffuse spots at (100), (002) and (110) are magnetic in origin.
Note that the (00%) diffuse spot is particularly pronounced at 0.4 meV, while the magnetic scattering at 1.3 meV is nearly
independent of L. Plots of the calculated S(Q) in (c) the (HKO0) and (f) the (HHL) planes, representing antiferromagnetically
correlated nearest neighbor impurities on the interlayer sites, as described in the text.

inside the cryostat for every instrumental configuration
used and subtracted from the corresponding sample mea-
surements.

Prior inelastic neutron scattering measurements on sin-
gle crystals by some of us [13] revealed a continuum of
scattering consistent with fractionalized spinon excita-
tions. That study primarily focused on energy trans-
fers from about 0.75 meV to 11 meV [13]. The response
in the (HKO0) plane above 1 meV forms a continuum,
consistent with a singlet form factor involving nearest
neighbor kagome spins. Below this energy, though, the
momentum pattern was found to feature broad spots
with maxima at (100) and equivalent positions. Here, we
have acquired new data in the (HKO0) scattering plane
at hw = 0.4 meV and 1.3 meV, as shown in Fig. 1(a)
and (b). The Q-dependence of the scattering at fixed
energy transfer shows a distinct rotation relative to the
high energy dimer-like pattern with maxima near (220)
to a low energy pattern with maxima at (100). One can
imagine various ways in which enhanced scattering at
(100) might emerge: for example, kagome spins with dy-
namical ¢ = 0 correlations (as observed in iron jarosite
KFe3(OH)(SO4)2 [14]) as well as a ferromagnetic ar-
rangement of impurity spins within the interlayers could
give rise to such peaks. However, it may be necessary
to go beyond 2D models, since the interaction pathways

between the interlayer Cu impurities would imply corre-
lations along the c-direction as well.

Therefore, we have performed additional measure-
ments in the (HHL) scattering plane which allow us to
probe both intralayer and interlayer correlations. These
measurements reveal that the lowest energy fluctuations
have short range correlations along all three crystallo-
graphic directions. As shown in Fig. 1(d), diffuse peaks
are seen at the (002) and (130) positions for hw =
0.4 meV. This intensity emerges below an energy scale
of ~0.8 meV where an enhanced dynamic magnetic re-
sponse was previously reported [12, 13]. The diffuse peak
at L = % has the same position along L as the magnetic
Bragg peaks in iron jarosite [15, 16] where long-range
order yields a magnetic cell that is doubled along the c-
axis [17]. In contrast, the scattering at a higher energy of
hw = 1.3 meV (Fig. 1(e)) shows little variation along the
L-direction, consistent with quasi-two-dimensional cor-
relations as expected for intrinsic kagome spins. This
new observation establishes a clear dichotomy between
the low energy 3D excitations (below 0.8 meV) and the
higher energy 2D excitations. The explicit observation
of quasi-2D correlations confirms that the spin excita-
tions measured above 1 meV by Han et al. [13] essen-
tially derive from the two-dimensional physics of a single
kagome lattice. Moreover, the dichotomy implies that



FIG. 2: (color online) (a) Proposed model of the antiferro-
magnetically correlated nearest neighbor Cu impurities which
give rise to the low energy scattering. The blue spheres are
the intrinsic kagome Cu sites. The red spheres denote the Zn
interlayer sites. The green ovals indicate interlayer sites which
have Cu impurities on nearest neighbor locations. These mo-
ments are fluctuating with AF correlations. In our sample,
only about 15% of the Zn sites have a Cu impurity. (b) The
effective connectivity of the impurity lattice as a simple cu-
bic lattice. Here, the red bonds indicate the NN impurity-
impurity bonds identified in the structure factor calculations.
The blue spheres and bonds indicate the intrinsic kagome lay-
ers.

the physics at low energies (such as effects of weakly
coupled impurities) quickly diminishes at the higher mea-
sured energies. Hence, it appears neutron scattering can
distinguish the intrinsic response of kagome spins from
interlayer impurity spin correlations through their dis-
tinct Q-dependences.

In our sample, x = 15% of the Zn sites are occupied by
Cu. If these are randomly distributed, then 1 —(1—x)% =
62% of all impurities have at least one other impurity on
a nearest neighbor (NN) site that resides on an adjacent
interlayer plane (Fig. 2a). The wave vector dependence of
scattering from short range correlations involving impu-
rity spins can be modeled by a correlation function of the
form S(Q) = NIF(Q)P(S%)(1 + X, 22 £,(Q) 54,
where the sum is over bonds between the impurity to its
nth nearest neighbor. Here, IV is the number of impu-
rity spins, F(Q) is the Cu form factor [18], m,, is the
number of bonds for a given n, and f,(Q) denotes the
sum of cos (Q - r,) over all bond directions (divided by
the number of bond directions). In this notation, fi is
the correlator between an impurity spin and its nearest
neighbor kagome spins, and f3 is between an impurity
spin and its nearest neighbor impurity spins (indicated
by the green ovals in Fig. 2). Note that fo (between an
impurity spin and the next nearest neighbor kagome spin)
and f, for n > 3 denote bonds with exchange pathways
that are unlikely to have significant strength.

Indeed, we find that f3 dominates the correlation func-
tion. In Fig. 1(c) and (f), we show that a model including
only n = 3 pairs (impurity-impurity pairs) with antifer-
romagnetic (AF) correlations ((SS’)s < 0) provides a
good description of the data. The low energy diffuse in-
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FIG. 3: (color online) Line scan through the data obtained
by subtracting the data along (00L) at 0.4 meV acquired at
T = 20K from the data at T' = 2K. Here, to improve statis-
tics, an integration width of +0.15 was used along the (H HO0)
direction. The blue dashed line denotes a fit to these data
involving only the correlator between nearest neighbor impu-
rities f3. The red solid line denote a fit that also includes the
correlator between the impurity and the nearest spins on the
kagome layers fi, however the contribution of f; is found to
be small. Error bars indicate 1o.

tensities in both the (HKO0) and (HHL) zones are well
described. Fig. 3 shows magnetic diffuse scattering along
(00L)-direction obtained by subtracting T' = 20 K data
from T = 2 K data. We see this is well fit by an AF
n = 3 term only (blue dashed line) with no evidence for
correlations to kagome spins which would give a different
periodicity along L (adding a component of f; does not
improve the fit, as shown by the solid red line). Such
an analysis places a limit on correlations to the kagome
layer: |(SS7)1/(SS")3| < 0.01. Correlations between im-
purity spins to further neighbor impurity spins within
the same triangular lattice plane can similarly be ne-
glected. This establishes the impurity spin network as
based on AF interlayer impurity interactions. The cor-
responding lattice has the connectivity of a simple cubic
lattice (Fig. 2(b)) with a percolation threshold of 0.3116
[19]. Hence, the impurities in Herbertsmithite are in the
dilute limit.

A possible motivation for AF correlations between NN
impurities may be derived from the magnetic structure
of the pure Cu analogue, Cuy(OD)3Cl (clinoatacamite)
[20, 21]. Clinoatacamite has a monoclinically distorted
structure, with two different kagome sites, consistent
with a Jahn-Teller distortion associated with the Cu in-
tersites [22]. Here, a given interlayer up spin is connected
to two down spins and one up spin on the neighboring
interlayer (above or below). This indicates a net AF cou-
pling between nearest neighbor intersites [23].

While 62% of the Cu impurities have at least one near-
est neighbor impurity on an adjacent triangular plane,
only 22 = 2% of the kagome Cu spins are located directly
between pairs of impurities. This indicates the intrinsic
kagome physics may not be significantly disturbed by
the correlated impurities. However, low energy measure-
ments that average over the bulk are likely dominated by
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FIG. 4: (color online) (a) Specific heat versus temperature
in Herbertsmithite [2]. The solid curve denotes the equation
described in the text based on the impurity model, with an
assumed impurity concentration of 12%, whereas the dashed
curve is the estimated kagome contribution (these data were
taken on a powder sample, different from the single crystals
used for the neutron measurements, as discussed further in
the Supplementary Material). (b) A measure of the intrinsic
scattering Skagome(w) obtained after subtracting the impu-
rity contribution as described in the text. These data are
integrated over a large region in reciprocal space. The red
line is fit to 1 + tanh (2%2) with A = 0.63(4) meV and
I' = 0.19(7) meV. Inset: a reciprocal space map of the inte-
gration regions used to obtain Simp(w) (green box near (200))
and Skag+timp(w) (red box near (100)).

the weakly coupled impurities on NN intersites, consis-
tent with the small AF Curie-Weiss temperature (~ 1 K)
inferred from the low temperature susceptibility [24, 25].
If the presence of Cu ions on the Zn intersites causes a
local distortion of the Herbertsmithite structure to re-
semble that of clinoatacamite, this may at least partially
explain the C1 NMR data which indicates a local struc-
tural distortion below 150K [26]. It is also consistent
with the anisotropy of the low temperature bulk suscep-
tibility, which indicates impurities occupy an anisotropic
environment [25]. In this context, we can also mention
a recent study of Zn-doped paratacamite, where two dif-
ferent interlayer sites was identified [27].

To further test this model for the impurities, we turn
to previous low energy neutron and specific heat results.
Neutron data [29] taken between 0.1 and 0.7 meV was
also interpreted as due to Cu intersite spins, with a spec-
trum that can be approximately fit by a Lorentzian, with
a relaxation rate I' = 0.23 meV [30]. We use this to esti-
mate the specific heat due to the dynamical spin fluctua-
tions of the defects. Assuming x is of the form f(q)f(w)
as for a continuum of spin excitations [13], the free energy

4

is F = [ 22 coth(£)ImIn(x~') which yields a specific
heat C = %W%%)(% coth(z5) — 1) tan™1(£).
This function (multiplied by Rz, where R is the gas
constant and x the impurity concentration) is plotted in
Fig. 4a in comparison to the specific heat data of Helton
et al. [2]. The only adjustable parameter was the impu-
rity concentration z of 12% for the powder sample. This
reinforces the idea that the scaling behavior noted by Hel-
ton et al. [12] is due to impurity spins with a distribution
of interactions as one might expect from weakly interact-
ing non-percolating spin-1/2 clusters. A random bond
Heisenberg model with a distribution of exchange inter-
actions going as J~“ that is generated by renormaliza-
tion group flow from an initial distribution of J’s [31] can
fit the dynamic susceptibility of Herbertsmithite quite
well for @ ~ 2/3 [12]. Here, the random bond Heisen-
berg model is directly applicable to the impurity lattice
rather than the kagome planes. Calculations based on
the random bond Heisenberg model on the kagome lat-
tice [32] do not predict the recently observed spin gap
in the kagome layers of Herbertsmithite [11]. Similarly,
we can estimate the kagome contribution to the specific
heat using the same methodology (see Supplemental Ma-
terial). We find that this is negligible compared to the
impurity contribution over the temperature range of the
data (dashed curve in Fig. 4(a)).

A key remaining question is to understand the low
energy excitations of the intrinsic kagome spins. The
present study allows us to subtract the impurity scatter-
ing from the total scattering (integrated over select Q
regions) to obtain a measure of the intrinsic scattering.
In the inset of Fig. 4(b), we show two regions in recip-
rocal space, near (200) and (100), over which we inte-
grate the scattering to obtain S;yp(w) and Skag+imp (W),
respectively. Simp(w) is obtained since the correlated
impurities give substantial scattering at (200) equiva-
lent positions which corresponds to positions of mini-
mal scattering from the intrinsic kagome spins [13]. On
the other hand, near (100), Skag+imp(w) denotes a com-
bination of the intrinsic and impurity scattering since
both have substantial structure factors. We calculate
Skagome (W) = Skagtimp (W) — @ Simp(w) where the scale
factor a = 1.63(4) is determined by the best match of
the scattering amplitudes between 0.3 meV and 0.5 meV
and is consistent with our correlated impurity structure
factor (within 30%). The resulting data for Sgagome(w)
is plotted in Fig. 4(b), with a more detailed description
given in the Supplemental Material. The most remark-
able feature is the clear drop in intensity as w decreases
below an energy of ~ 0.7 meV. This is similar to the
magnitude of the spin gap deduced by NMR in zero field
of 0.9(3) meV [11]. This is the first indication of a triplet
spin gap seen by inelastic neutron scattering. An alter-
nate method for extracting the spin gap based on powder
data is presented in the Supplemental Material and gives



a similar value for the gap, supporting the robustness of
this result.

In summary, we find that a correlated spin impurity
picture gives a good account of the low energy neutron
scattering data on Herbertsmithite (hiw < 0.8 meV), in-
volving AF correlations between nearest neighbor inter-
layer impurities. Such a picture could be further tested
by local structural studies to look for the expected distor-
tion of the lattice about the Cu defects in the Zn planes
due to the Jahn-Teller effect. This also provides crucial
guidance for future measurements at (HK L) positions
where impurity effects can be minimized to enhance sen-
sitivity to the intrinsic physics of the 2D kagome planes,
such as investigating the wave vector dependence of the
low energy spin gap [33].
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