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Antiferromagnetic Fluctuations and Short-Range Order in a Kagomé Lattice
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We report neutron-scattering measurements on SrCrs—,Gas+.O9, a layered compound containing

3

Kagomé planes of S=73 Cr’* ions. From magnetic-susceptibility data, the Curie-Weiss constant is
large and negative, 6cw = —500 K. Even so, our measurements for a sample with x =0.87 reveal only
short-range antiferromagnetic order with « correlation length £ =7 £ 2 A = 24, where a is the inter-Cr
spacing. Below 8 K, there is a spin-freezing transition to a state where the magnetic fluctuations have
large amplitude and a spectrum (averaged over reciprocal space) characteristic of two-dimensional anti-

ferromagnets with £>>a.

PACS numbers: 75.40.Gb, 75.25.+z, 75.50.Lk

There are very few simple two-dimensional magnets
which fail to order at T=0. For example, the S=7%
nearest-neighbor-coupled Heisenberg antiferromagnet
(AFM) orders not only on a square lattice' but also on a
triangular lattice,?> which is perhaps the best-known
geometrically frustrated lattice. Among structurally or-
dered systems with vanishing further-neighbor interac-
tions which remain candidate hosts for magnetic ground
states with finite two-spin correlation lengths are antifer-
romagnets on Kagomé lattices.’ Figure 1(a) shows a Ka-
gomé lattice, which is a triangular lattice, with lattice
parameter a, where vacancies have been introduced at all
sites of a triangular superlattice, with lattice parameter
2a. For AFM-coupled Ising spins on a Kagomé lattice,
there is no phase transition and AFM correlations decay
exponentially even at T=0 with a finite correlation
length &=3.3a.* For classical as well as quantum
Heisenberg and x-y spins, less is known theoretically, but
for these cases also, the Kagomé lattice is expected to
host highly degenerate and possibly short-range-ordered
ground states.” The discovery that the layered oxide
SrCrs—,Gas+:019 [SCGO(x)] contains AFM-inter-
acting Cr3* (§=3) ions on a Kagomé lattice has made
an experimental approach to the Heisenberg Kagomé
AFM possible. Obradors er al.® showed that despite a
Curie-Weiss temperature of —492 K, long-range mag-
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FIG. 1. (a) Kagomé lattice with three-sublattice order indi-
cated by letters A, B, and C. (b) Locations of Cr atoms (solid
and open circles) in SCGO(x). 12k layers containing solid cir-
cles are Kagomé planes.
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netic order is absent above 4.2 K.” Ramirez, Espinosa,
and Cooper?® discovered spin-glass transitions at temper-
atures Tgb”"‘ between 3.5 and 7 K, depending on the
value for x. In the present paper, we describe neutron-
scattering data which establish that the correlations in
this compound are very short ranged (£=7 A) and asso-
ciated with local order of the type also found in the tri-
angular AFM. Furthermore, our data are consistent
with spin freezing for T < T2"*=5 K. What is most
fascinating, however, is that well within the spin-glass
state, fluctuations account for a net magnetic moment in
excess of twice the frozen moment. Also, in spite of the
small &, the local magnetic fluctuations resemble those in
an ordered two-dimensional Heisenberg AFM.

Figure 1(b) shows the Cr?* sites of SCGO(x) (Ref.
6) which form a stack of dense Kagomé lattices (labeled
12k) separated by more dilute triangular lattices (2a and
4f). Surrounded by weakly distorted oxygen octahedra
the magnetic moment of Cr** is a good realization of an
S =13 Heisenberg spin.” Our powder sample was made
by cooling SrCO3, Cr,03, and Ga,03; in a SrO-B,0; sol-
vent. The neutron powder-diffraction pattern at 7=1.5
K was consistent with the hexagonal crystal structure
previously reported® with lattice parameters a'=2a
=5.80 A and ¢=22.7 A except for one Bragg peak, as-
cribed to 5 wt% of nonreacted Cr,0;. Since the Bragg
intensities were independent of sample rotation, the dis-
tribution of grain orientations was isotropic. Susceptibil-
ity measurements showed that x =0.87 for our sample,®
corresponding to Cr concentrations (extrapolated from
the x =0 sample®) of 80%, 90%, and 80% for the 12k,
2a, and 4f sites, respectively. Since the Cr concentration
in all layers is well above the 2D site-percolation thresh-
old (65.27% for the Kagomé lattice, 50% for the triangu-
lar lattice?) dilution does not limit the correlation length,
but the associated randomness may be responsible for
the system undergoing a spin-glass transition instead of
remaining paramagnetic to lower temperatures.

We performed double- and triple-axis neutron-
scattering measurements using the TAS-1 instrument at
Ris¢ National Laboratory, Denmark. For energy trans-
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fers Aw in the ranges 0.18-0.7, 0.4-1.8, and 2-8 meV,
the fixed incident energies E; were 3.6, 5, and 13.9 meV,
yielding energy resolutions AE of 0.1, 0.2, and 1.2 meV
(FWHM), respectively. Data taken with different spec-
trometer configurations were normalized using the (002)
powder reflection of SCGO(x) as a standard.

Previous workers® found no magnetic Bragg scattering
for T>4.2 K. Our two-axis measurements show that
this remains the case to 1.5 K. Nevertheless, Fig. 2(a)
reveals that in addition to nuclear Bragg peaks (off
scale) and small-angle scattering, there is a broad max-
imum centered at Qo=1.4 A ~'=(1//3)a* (a* =4n/
V3a), the location of the lowest-order superlattice spots
Qo=(%, ) associated with three-sublattice ordering'®
in the triangular parent of the Kagomé lattices in
SCGO(x). In Fig. 1(a), the letters A4, B, and C repre-
sent the corresponding sublattices projected onto the Ka-
gome lattice. For the x-y and Heisenberg models, A4, B,
and C refer to spins 120° apart in a single plane. Since
the scattered neutron energies were not analyzed, the
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FIG. 2. (a) Two-axis (no final-energy analysis) scattering
intensity vs elastic momentum transfer Q. Nuclear Bragg
peaks of SCGO(x) (mostly off scale) are crosshatched. The
nonhatched Bragg peak at 1.73 A~™' is (110) of Cr.0;. (b)
Difference between two-axis data taken at 1.5 and 10 K. Close
to strong nuclear Bragg peaks, spectrometer-setting errors give
rise to sharp deviations from zero. (c) Difference between elas-
tic signals measured by three-axis spectroscopy.
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maximum in the scattering of Fig. 2(a) arises from
AFM correlations which persist on a time scale given by
E;=5 meV=1.2 THz. The difference plot in Fig. 2(b)
shows that this scattering, and hence the correlation
length and amplitude of the associated magnetic fluctua-
tions, is temperature independent between 10 and 1.5 K.

We can study correlations which persist on a longer
time scale by installing an analyzer, and measuring nom-
inally elastic scattering. At 1.5 K, there is also a max-
imum at Qo in the elastic scattering, which disappears on
raising 7. Figure 2(c) shows the Q-dependent difference
between the 1.5- and 20-K data; note that the normal-
ized amplitude is roughly one-third that found in the
two-axis experiment. Thus we have established that spin
components which are frozen on the time scale corre-
sponding to our experimental resolution (0.2 meV =50
GHz) appear between 20 and 1.5 K, but account for
only a small part of the AFM correlations in SCGO(x).
Figure 3 shows the temperature dependence of this elas-
tic scattering at Q =Qo. With decreasing T, there is an
increase in the signal due to critical slowing down fol-
lowed by spin freezing.!"! While the intensity increases
most dramatically at 8 K, hysteresis in the dc suscepti-
bility of our sample is found below T**=5 K.® That
the temperatures at which anomalies occur depend on
the time scale of the measurement is a well-known prop-
erty of spin glasses.

The Q-dependent elastic scattering in the frozen state
is well described by the powder average of a 2D
Lorentzian, S(Q)~1/(&2|QL—Qol?+1), where only
the basal-plane components Q. of Q enter. The solid
line in Fig. 2(c) is the best fit with this form multiplied
by the magnetic form factor of Cr** and assuming the
isotropic polarization factor relevant for Heisenberg
spins. Whereas good fits can also be obtained for 2D
correlations with planar or axial anisotropy, our data are
inconsistent with isotropic 3D correlations (dashed line).
The 2D correlation length deduced from the fit is £=7
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FIG. 3. Temperature dependence of elastic intensity at
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+2 A, only twice the inter-Cr spacing in the Kagomé
planes. Allowing for a finite out-of-plane correlation
length &, yields somewhat better fits with the in-plane
correlation length £=9 + 2 A and £E=1.5%0.6 A. The
effective two dimensionality of SCGO(x) is presumably
due both to the 3-times-lower Cr** concentration in the
triangular-lattice planes which separate Kagomé planes
and to the frustration of interactions between spins occu-
pying different planes.

Figure 4 shows x"(Q,w), the imaginary part of the
dynamical susceptibility obtained via the fluctuation-
dissipation theorem from constant-Ae® and -Q scans
which measure S(Q,w) for our powder sample. For
fixed Q, ¥"(Q,w) decreases only by a factor of 2 between
the lowest (0.2 meV) and highest Ao (8 meV) accessed.
Furthermore, the Q dependence of x"(Q,w) is roughly
independent of Aw <8 meV and similar to that of the
elastic scattering. Both results confirm expectations that
the energy scale for the interactions giving rise to the
AFM correlations is much larger than 8 meV.
Constant-Aw scans could also be fitted by powder-
averaged 2D Lorentzians (solid lines). The correspond-
ing £ decreases with increasing A® in a manner describ-
able by &7 2=¢5 24+ (w/c)?, where &=6*1 A, in
agreement with the correlation length for elastic scatter-
ing, and Ac =40 meV A. Thus, as for low-dimensional
systems and other materials with strong fluctuations,
magnetic correlations are apparent at frequencies much
larger than the ordering (freezing) temperature. In this
context, an important number is the ratio of the mean
squares of the fluctuating {|Au|?) and frozen |{u)|? mo-
ments. Applying the total-moment sum rule to our nor-
malized inelastic (Fig. 4) and elastic [Fig. 2(c)] data we
obtain the lower bound (|Au|?)/|{u)|?>> 4. For compar-
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FIG. 4. Overview of Q- and w-dependent magnetic response
at T=1.5 KK T,. Open symbols are with constant Aw; solid
symbols, with constant Q. Solid lines are from fits described in
the text.

ison, (|Au|®/|{u)|?=0.45 for the S=1+ Heisenberg
AFM on a square lattice.' Note that we determine the
moment frozen on the time scale given by our energy
resolution (0.2 meV =50 GHz), so our data are also con-
sistent with the absence of truly elastic scattering, i.e.,
{u?=0, in which case the ground state could be regarded
as a spin liquid.

While the high-frequency fluctuations in SCGO(x)
are unusual for their amplitude, the low-frequency por-
tion of x"(Q,w) is peculiar for its @ dependence. Both
because of the automatic averaging associated with our
powder sample and because the Q dependence of
2"(0,w) changes little, if at all, with Ao <5 meV,
x2"(Qo,w) is a good measure of the local response func-
tion,

20 (@) =fx"(q,w)dq =47rf;("(Q,w)Q 2dQ.

For simple paramagnets where a single (exponential) re-
laxation process dominates at long times, y"(w) ~w at
small . On the other hand, for reasons described in
more detail below, ordered two-dimensional antifer-
romagnets (at 7=0) yield local response functions
which are constant at small w. Figure 5 shows that
20 (@) for SCGO(x) evolves between these two limits
upon lowering T through T,. Indeed, a power law w®
(solid lines) gives a good account of yx"(Qo,@) for
0.2< hAw <2 meV; thus, the low-temperature state is
associated with a— 0, i.e., the appearance of a frequen-
cy independent yq ().

The response function y¢ () is not simply the spectral
density p(w) of excited states, but involves the matrix
elements of the spin operator (S;) at each site (j) be-
tween the ground and excited states. More precisely, at
T =0,

20 (@) =Z§|(f|5j!0)|26(Ef—hw) ,
J
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FIG. 5. x"(Qo,®) for hw <2 meV at three temperatures.
Solid lines represent best fits with power laws @® The solid
points were measured with E£;=3.6 meV. For open symbols,
E;i=5meV.
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whereas p(w) =3 ,8(E;— ho); the mean-square matrix
element at a particular frequency is simply defined as
(M*w))=x5(w)/p(w). For ordinary spin glasses,
where from specific-heat measurements p(w)~const at
small  (Ref. 12) and a=0,'* (M?*(®))— const as
w— 0. On the other hand, for ordered Heisenberg
AFM’s, (M *(0))~ 1/o because of the diverging overlap
between the Néel state with a single flipped spin and spin
waves with energy Ao — 0,'* with the result that in 2D
a=0 even though p(w)~w. It is surprising that
SCGO(x), with its small £ and spin-glass-like properties,
also has p(w) ~w [because C(T)~T? at low T (Ref.
8)] and @ =0, which makes SCGO(x) at the presently
accessed frequencies resemble more the long-range-
ordered 2D AFM than conventional spin glasses. This
similarity, while not implying the presence of propaga-
ting modes in SCGO(x), does lead us to speculate that
the magnetic fluctuations emanate from a ground state
with long-range order in a continuous degree of freedom
not directly visible by neutron scattering. Various kinds
of order (e.g., “spin nematic” and “chiral”) which satis-
fy this requirement have arisen recently in theories of
frustrated 2D magnets.!> Adaptation of the three-
sublattice structure of the triangular Heisenberg and x-y
AFM to the Kagomé AFM indicates that the correlation
length defined as the distance between neighboring spins
which do not form 120° angles with each other can
diverge while maintaining a short two-spin correlation
length.'® Whether this is indeed the case for spins in the
Kagomé planes of SCGO(x) will require further mea-
surements, especially on single crystals.

We are grateful to E. Bucher for bringing SCGO(x)
to our attention, P. Chandra, P. Coleman, D. Huse, A. P.
Ramirez, and C. M. Varma for helpful discussions, and
the staff at Risg National Laboratory for its hospitality
during the measurements.
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