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Antiferromagnetic Fluctuations and Short-Range Order in a Kagome Lattice

C. Broholm, G. Aeppli, G. P. Espinosa, and A. S. Cooper
AT& T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 7 March 1990)

We report neutron-scattering measurements on SrCr8-xGa4+, 019, a layered compound containing
Kagome planes of S= —, Cr'+ ions. From magnetic-susceptibility data, the Curie-Weiss constant is

large and negative, 8&w= —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 = 2a, where a is the inter-Cr
spacing. Below 8 K, there is a spin-freezing transition to a state where the magnetic Auctuations have

large amplitude and a spectrum (averaged over reciprocal space) characteristic of two-dimensional anti-
ferromagnets with g» a.

PACS numbers: 75.40.Gb, 75.25.+z, 75.50.Lk
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FIG. l. (a) Kagome 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 Kagome planes.

There are very few simple two-dimensional magnets
which fail to order at T=O. For example, the S
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 Kagome lattices. Figure 1(a) shows a Ka-

gome 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 Kagome lattice,
there is no phase transition and AFM correlations decay
exponentially even at T=O with a finite correlation
length g =3.3a. For classical as well as quantum

Heisenberg and x-y spins, less is known theoretically, but
for these cases also, the Kagome lattice is expected to
host highly degenerate and possibly short-range-ordered
ground states. The discovery that the layered oxide

SrCrs —„Ga4+„O]9 [SCGO(x)] contains AFM-inter-
acting Cr + (S = —', ) ions on a Kagome lattice has made

an experimental approach to the Heisenberg Kagome
AFM possible. Obradors et al. showed that despite a
Curie-Weiss temperature of —492 K, long-range mag-

netic order is absent above 4.2 K. Ramirez, Espinosa,
and Cooper discovered spin-glass transitions at temper-
atures Tg"'" 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 ( Tg 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 g, 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 Kagome 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= —,

' Heisenberg spin. Our powder sample was made

by cooling SrCO3, Cr203, and Ga203 in a SrO-B203 sol-
vent. The neutron powder-diffraction pattern at T=1.5
K was consistent with the hexagonal crystal structure
previously reported with lattice parameters a' =2a
=5.80 A and c 22.7 A except for one Bragg peak, as-
cribed to 5 wt% of nonreacted Cr203. 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 20 site-percolation thresh-
old (65.27% for the Kagome 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 hro 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 hE of 0.1, 0.2, and 1.2 meV
(FWHM), respectively. Data taken with diff'erent 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 (ofl'

scale) and small-angle scattering, there is a broad max-
imum centered at Qo=1.4 A '=—(1/J3)a* (a* =4m/
83a), the location of the lowest-order superlattice spots
Qo=( 3, 3 ) associated with three-sublattice ordering'
in the triangular parent of the Kagome lattices in

SCGO(x). In Fig. 1(a), the letters A, 8, and C repre-
sent the corresponding sublattices projected onto the Ka-
gome lattice. For the x-y and Heisenberg models, 8, 8,
and C refer to spins 120' apart in a single plane. Since
the scattered neutron energies were not analyzed, the

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 difl'erence 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 T. Figure 2(c) shows the Q-dependent diA'erence

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 Tg""=5 K. s 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/(g IQA

—
Qol + 1), where only

the basal-plane components QA 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. 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 Cr203. (b)
Diff'erence 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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FIG. 3. Temperature dependence of elastic intensity at
Q=14~ =Qo.

3174



VOLUME 65, NUMBER 25 YSICAL REVIEW LETTE 17 DECEMBER 1990

~2k , only twice the inter-Cr spacin in tg " go

h( ild o h bsomew at better fits with
1 tio 1 th (=9+

~ff i diimensionalit of SC
d btht ho t e 3-times-lower Cr + con

ice p anes which separate K
d to t}1 ion o interactions betw

pying diA'erent planes.
between spins occu-

Figure 4 shows g"(Q, co), t e ima inar
dynamical susceptibilit b

'
e

di tio th o f - co
~ ~ ~

i i ity obtained via the
rem rom constant- co

(o. )me and highest hco 8

Frth o, h Qde Q ependence of "(
independent of hco ~ 8

g Q, co) is roughly

elastic scattering. Bo h

co~ meV and similar to that of the
'

g. ot results confirm e
h 1 f he or t e interactions g g

ions is much lar er th
Constan t- 0 co scans ld

ger t an 8 meV.

a d2DLo t'scans could also be fitted
ren zians solid lines). T

gd ih's wi mcreasing @co in a m anne escri-

agreement with th 1

—
&"o (co/c ), where

e correlation len th f
o=6 I A, in

g
me ~. Thus, as for

d "ho er materials with stronog"
ions are apparent at fp

e or ering (freezing) tern eratp

q of th fl t t'
or ant number is the ratio

p
' o l(p)l' mo-ue uating 6 ) a

pp ying the total-moment sum r
malized inelastic (Fi . 4)

sum rule to our nor-

ig. 4) and elastic [Fi . 2(c
o t n th lo bo d (ld, l

)/'(p i p)i )4. For compar-

ison, lhpl )/l(p)l =0.45 for the 5= —,
'

i

moment frozen on the
re attice. Note that we determine the

o1 tio (0.2 V=50 GH
on e time scale given b

h'h e absence of trul ela
(p) =0, in wh h

y e astic scattering, i.e.
w ic case the ground state

as a spin liquid.
g state could be regarded

While thhe high-frequency fluctuati
lf 11'or t eir amplitude, the low-frequency po-

, co is peculiar for its co

because of the
i s co dependence. Both

e automatic avera in asg g

II
p e an because the de

(Q, ) h li I 'f
measure o the local response func-

II
( ) It

fO

g q, co)dq =4m„g"(Q co)Q'dQ.

For sim lep paramagnets where a sin leg
ss ominates at ion t'

small co. On the oth
g imes, g"(co)-co at

d il b 1o

n e other hand, for reasons
e ow, ordered two-dim

romagnets (at T=
-dimensional antifer-

a =0 yield local res
h"h
II

an at small m. Fi u

go(co) for SCGO( )
igure 5 shows that

x evolves between t
1'w'"n T 'h rough Tg, Indeed, a

d
~ h' '. - Pe; t us, the low-tern

id d "(
i a, i.e., the a eara

Th
gp N

he response function go'(co) is not sim 1o o py p

elements of th
excite states, but iinvolves the matrix

e spin operator (S ) at e
h d d

T=O,
n an excited statn

'
ates. More precisely, at

zo'(~) =ZZ I(fls) I0) I'b(&f — ~ 1

UJ
CI

CU
C)
C)

2

0

LLI

CU
O
O
M 2

0
Q=1.4A "=Q0

T=1.5 K

20K

3
c'
OC 0

58K

~ fj,-i~

FIG.IG. 4. Overview of Q- and co-de end
T=15 K T 0pen symbols are with co
bol, ith o tg. S

the text.
s ant . olid liness t .

'
are from fits described in

h~ mev

Z go, co) for Iiro~ 2 m VFIr. 5. "(
Solid li b

me at thre
est ts with power 1

re wIth E; =3.6
E; =5 meV.

.6 meV. For open symbols

3175



VOLUME 65, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1990

whereas p(co) =piB(EI —hco); the mean-square matrix
element at a particular frequency is simply defined as

(M (co)) go (co)/p(co). For ordinary spin glasses,
where from specific-heat measurements p(co)-const at
small co (Ref. 12) and a=0, ' (M (co)) const as

0. On the other hand, for ordered Heisenberg
AFM's, (M (co))-1/co because of the diverging overlap
between the Neel state with a single flipped spin and spin
waves with energy hco 0, ' with the result that in 2D
a =0 even though p(co) —co. It is surprising that
SCGO(x), with its small g and spin-glass-like properties,
also has p(co)-co [because C(T) —T at low T (Ref.
8)] and a =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 Kagome 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
Kagome 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 staA' at Ris@ National Laboratory for its hospitality
during the measurements.
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