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Two-population model for anomalous low-temperature magnetism
in geometrically frustrated magnets
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~Received 27 August 1997!

Strongly geometrically frustrated magnets are unlike other magnetic materials in that the magnetic suscep-
tibility of such materials appears to follow the Curie-Weiss law down to temperatures well below the Weiss
temperature. We present an explanation for this anomalous behavior through a phenomenological model of two
separate spin populations. The predictions of this model quantitatively describe the experimental data for a
wide variety of lattice topologies and levels of disorder. The apparent dual nature of the ground state in some
of these materials and the insensitivity of the ground state to disorder also can be understood within this model.
@S0163-1829~97!07146-4#
pe
i
a

a
er

in
p
ra
rd

ex
re
m
o
su

rie
ll

a

e

in
e
th
te
ib

,
w

te
e
t

m-
ions

f the
evi-
In

nce
be

tate
ition
b-

the
ist
at
in-

ub-
n-
w-

d
ties,
evi-

in
situ-

ch

m
tive
the
m

There has been a great deal of both theoretical and ex
mental interest in the properties of magnetic materials
which nearest-neighbor antiferromagnetic exchanges
frustrated by the geometry of the lattice.1–3 Such frustration
can lead to a high degeneracy of ground states, and the
sence of long-range magnetic order down to zero temp
ture in an ideal system.4 A class of strongly geometrically
frustrated magnetic materials has recently been identified2 in
which the frustrated nearest-neighbor antiferromagnetic
teractions are highly isotropic and dominate other spin-s
interactions—leading to a large number of nearly degene
spin states. In such materials, long-range magnetic o
~typically spin-glass-like! occurs only at a temperature (Tc)
well below the energy scale of the antiferromagnetic
change interactions~as indicated by the Weiss temperatu
Qw!. The unusual magnetic properties of these frustrated
terials allow them to serve as model systems for the m
general phenomenon of frustration observed in systems
as Josephson-junction arrays and neural networks.5

As noted in a recent review by Ramirez,2 the magnetic
susceptibility (x5M /H) in strongly geometrically frustrated
magnets is highly unusual, appearing to obey the Cu
Weiss law (x21(T)}@T1Qw#) even at temperatures we
below uQwu. This linearity of x21(T) is rather unexpected
since the Curie-Weiss law is derived from a mean-field c
culation in the high-temperature limit (T@uQwu). Indeed,
such behavior is seen in no other magnetic systems. In the
present work, we explore the temperature dependenc
x21(T) in this intermediate temperature regime (Tc,T
,uQwu). We show that the deviation from linear behavior
x21(T) as T→Tc is almost universally negative, and w
present a phenomenological model which explains
intermediate-temperature magnetic behavior of these ma
als. The expected susceptibility under this model descr
the experimental measurements ofx21(T) throughout the
entire rangeTc,T&uQwu extraordinarily well. Furthermore
the model has strong implications for the unexplained lo
temperature properties of some of these materials.

Despite considerable interest in geometrically frustra
magnets, the exact nature of the magnetic ground stat
such materials is not understood, especially in the contex
560163-1829/97/56~21!/13712~4!/$10.00
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the high levels of disorder present in many of the co
pounds. Theoretically, there have been numerous predict
of unusual low-temperature behavior1,6–8 in geometrically
frustrated magnets due to the highly degenerate nature o
ground states. Experimentally there is also substantial
dence for anomalous low-temperature behavior.
Gd3Ga5O12 ~gadolinium gallium garnet or GGG! a spin-
glass-like transition has been observed in the virtual abse
of disorder,9 and long-range antiferromagnetic order can
induced by application of a strong magnetic field.10 In the
kagome´ compound SrCr9pGa12-9pO19 ~SCGO!, several11–13

experiments suggest the existence of a spin-liquid-like s
at temperatures well below an apparent spin-glass trans
in the bulk magnetization. Similar behavior has been o
served in the fluorine-based pyrochlore CsNiCrF6.

14 To date
there has been no explanation for this dual nature of
ground state, i.e., how spin-liquid-like behavior can coex
with an apparent freezing of the spins. Also puzzling is th
the low-temperature behavior is rather robust against the
troduction of strong disorder. In the case of SCGO, the s
stitution for as many as 60% of the magnetic ions with no
magnetic ions does not appear to significantly alter the lo
temperature thermal and bulk magnetic properties.11

While most attention paid to geometrically frustrate
magnets has centered on the low-temperature proper
there is a surfeit of data at intermediate temperatures. Pr
ously published intermediate temperaturex21(T) data from
various geometrically frustrated materials are replotted
Figs. 1 and 2. The spins in each of these materials are
ated on topologically distinct frustrated lattices:S53/2
kagome´ @SCGO~Refs. 11,15!#, S51/2 two-dimensional tri-
angular @NaTiO2 ~Ref. 2!#, S55/2 pyrochlore@CsMnFeF6
~Ref. 16!#, S55/2 face-centered cubic@Cd12xMnxSe ~Ref.
17!#, and S57/2 garnet @GGG ~Ref. 9!#. In each case,
x21(T) is linear down to temperatures well belowuQwu, as
it is in other strongly geometrically frustrated magnets su
as Zn12xCoxS ~Ref. 18! and films of 3He on HD plated
grafoil.19 The common negative sign of the deviation fro
linearity at the lowest temperatures corresponds to a rela
increase in magnetization above an extrapolation of
Curie-Weiss law—opposite of what one might expect fro
13 712 © 1997 The American Physical Society
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56 13 713BRIEF REPORTS
incipient antiferromagnetic correlations. Note that the beh
ior is qualitatively the same, regardless of the level of dis
der which varies from;1% in GGG to;60% in SCGO and
Cd12xMnxSe.

No previous efforts have been made to explain the ori
of the common intermediate temperature behavior ofx21(T)
or treated geometrically frustrated magnets in the presenc
strong site disorder. The downturn inx21(T) in SCGO has
been attributed by one author to the presence of defects w
out elaboration,7 while another work suggests the downtu
in Cd12xMnxSe might be the natural consequence of high
order terms in the series expansion ofx21(T).20 Some the-
oretical work has addressed the effect of a small percen
of nonmagnetic defects,6 but not more than;20% defects or
other than in the low-temperature limit. On the other ha

FIG. 1. The inverse magnetic susceptibility
SrCr9pGa1229pO19 for various values ofp ~Refs. 11,15!. The solid
lines are fits as described in the text.

FIG. 2. The inverse magnetic susceptibility of NaTiO2 ~Ref. 2!
~the magnetic units for this material are arbitrary!, CsMnFeF6 ~Ref.
16!, Cd12xMnxSe~Ref. 17!, and GGG~Ref. 9!. The solid lines are
fits as described in the text.
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concepts developed to understand the low-temperature li
ing behavior can be applied toward understanding the in
mediate temperature magnetism. In some theoretically
dicted ground states6,8 for ideal frustrated systems, the spin
combine to form antiferromagnetically correlated mome
less clusters. Experimental data taken on SCGO in partic
have also been interpreted to imply the existence of s
clusters in which the spins fluctuate, while maintaining a
proximately zero net moment asT→0,12,13and data on mag-
netic semiconductors such as Cd12xMnxSe have been inter
preted to imply the development of ordere
antiferromagnetic clusters which also have approximat
zero spin.21 Since these clusters are presumably develop
as the temperature is being reduced towardTc , their devel-
opment must impact the magnetic behavior at intermed
temperatures. No predictions have been made, howeve
how the development of such clusters impacts the magn
susceptibility, particularly in the presence of disorder.

We propose a model to explain the intermediate tempe
ture behavior of frustrated magnets based on the deve
ment of antiferromagnetically correlated spin clusters. In t
model we assume that, as the temperature of a frustr
magnet is lowered, most of the spins become strongly co
lated with their nearest neighbors and form local antifer
magnetic clusters as discussed above.22 Since some disorde
is inherent in these materials, a small fraction of the sp
will be excluded from these correlated clusters. We hypo
esize that these excluded ‘‘orphan’’ spins will be relative
uncorrelated~i.e., that they will behave like free spins!, since
the majority of surrounding spins are correlated into appro
mately momentless clusters. We fit the intermediate temp
ture x21(T) data under the assumption that each spin
longs to either a population of correlated spins or of orph
spins which are excluded from the correlated clusters. T
resulting form is

x21~T!5@C1 /~T1Qw1!1C2 /~T1Qw2!#21,

whereC1 and C2 are the Curie constants which depend
the size and fraction of the spins in the correlated and orp
spin populations, respectively. The constantsQw1 and Qw2
(uQw1u@uQw2u) are the effective values ofQw which reflect
the effective exchange field for the spins in the correla
and orphan spin populations, respectively. The resultant fi
remarkably exact as shown by the solid lines in Figs. 1 an
~the parameters are given in Table I!. In all cases, we find
C2!C1 as expected. For SCGO, NaTiO2, and GGG, we fix
Qw250 sothe fit contains only three free parameters. In the
cases of CsMnFeF6 and Cd12xMnxSe, a small nonzero
Qw2(uQw2u,uQw1u/20) was required to describe the dat
These materials are the most disordered and multiply c
nected of those studied here, so it is perhaps not surpri
that the orphan spins would be subject to small effect
exchange fields. Within this model, the universal downtu
in x21(T) results from the relatively large low-temperatu
susceptibility of the orphan spins compared to the correla
spins~see inset to Fig. 3!.

To test the model further, we compared the fit parame
to the data taken on the different samples of SCGO. O
would expect under this model that the parameterC2 , which
is proportional to the number of orphan spins, would sc



13 714 56BRIEF REPORTS
TABLE I. The parameters from the fits in Figs. 1 and 2.

Material C1 Qw1 ~K! C2 Qw2 ~K!

SCGO (p50.89) 2.21 ~3! 639~12! 0.0279 ~6! 0 ~fixed!

SCGO (p50.79) 1.96 ~2! 438~8! 0.055 ~2! 0 ~fixed!

SCGO (p50.61) 2.14 ~2! 487~8! 0.121 ~1! 0 ~fixed!

SCGO (p50.54) 1.99 ~2! 406~9! 0.164 ~1! 0 ~fixed!

SCGO (p50.39) 1.71 ~1! 263~5! 0.190 ~3! 0 ~fixed!

GGG 7.6 ~2! 2.4 ~2! 0.81 ~5! 0 ~fixed!

NaTiO2 14.0 ~2! 1670~20! 0.0129 ~4! 0 ~fixed!

CsMnFeF6 17 ~1! 1000~90! 0.68 ~1! 231.6 ~2!

Cd0.55Mn0.45Se 5.05~5! 352~6! 0.011 ~2! 215.1 ~9!

Cd0.65Mn0.35Se 4.47~4! 248~5! 0.062 ~6! 29.3 ~6!
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with the percentage of nonmagnetic Ga ions on the Cr s
which break up the clusters. As shown in Fig. 3, we find t
to be precisely the case and the scaling to be linear. T
only three free parameters are required to describe the
and that these data were taken on samples synthesize
three different methods adds further credence to the vali
of this relation. Notice also thatQw2 is linear in p with a
zero intercept as predicted to be the case in the h
temperature limit for any diluted magnet.20 The data are no
available to make similar tests in Cd12xMnxSe in which the
spins within the clusters are ordered antiferromagnetical21

or in the case of GGG where the defects are excess s
rather than dilution with nonmagnetic ions, but the model
a correlated and an orphan spin population seems to des
the data rather well in each case.

One cannot expect from the Curie-Weiss law thatx21(T)
for the correlated spins in the clusters should be linear
T,uQwu since the Curie-Weiss law is a high-temperatu
and mean-field result. To test the assumption thatx21(T)
would be linear for these spins, we therefore calculated
longitudinal susceptibility20 from Monte Carlo simulations o
correlated clusters of three and four classical Heisenb
spins (S51) with frustrated antiferromagnetic interaction
~J is constant and antiferromagnetic between all spin pair

FIG. 3. The parametersC2 andQw1 plotted as a function of Cr
concentration, from the fits in Fig. 1~lines are merely guides for th
eye!. The inset shows the relative contribution of the correlated
‘‘orphan’’ spins for p50.54.
s
s
at
ta
by

ty

h-

ins
f
ibe

r

e

rg

in

the clusters!. As expected in our model, such clusters sh
nearly linearx21(T) at temperaturesT!J/kB with a slope
;4% less than that for free spins~Fig. 4!. There is a slight
upward curvature, as the slope approaches the h
temperature free-spin value@dx21(T)/dT53#. Such nearly
linear behavior has previously been demonstrated in Mo
Carlo simulations on defect-free pyrochlore andkagome´
lattices,4,7 suggesting thatx21(T) will be linear for
T,J/KB in a geometrically frustrated cluster of spins r
gardless of the cluster size.

This phenomenological model leads to relatively simp
explanations for some outstanding characteristics of SC
which have been the subject of much rece
attention.11–13,15,23Since the orphan spins are responsible
most of the susceptibility asT→Tc , the observation of spin
freezing atTc could be only indicating the behavior of th
orphan spins. The majority of the spins, which are with
correlated clusters, could presumably continue to fluctu
down toT!Tc . This would explain why the scattering an
mSR experiments see spin fluctuations forT!Tc , while the
bulk magnetization measurements observe a spin freez
Given that the spins which are freezing are the orphan s
and not the correlated spins, we can also understand why
anomalous thermal properties are rather robust against
tion with nonmagnetic ions,11 since the correlated cluster
retain their spin-liquid-like nature even when the frustrat
lattice is strongly diluted by nonmagnetic ions. This mod
does suggest a reexamination of some of the conclusions
recent paper15 on single crystals of SCGO, since the o
served anisotropy is presumably due primarily to the orph
spins in the model.

d
FIG. 4. The inverse magnetic susceptibility per spin of three a

four spin clusters from Monte Carlo calculations demonstrat
Curie-Weiss-like behavior at low temperatures.
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In conclusion, we have shown that strongly geometrica
frustrated magnets display a common behavior in their in
mediate temperature magnetic susceptibility, and that
behavior can be understood within a simple phenomenol
cal model. This model is by no means a complete descrip
of the behavior of such systems and must certainly be
tended considerably, incorporating the characteristics of e
material, in order to fully understand the low-temperatu
properties of geometrically frustrated magnets. In particu
the exact nature of the orphan spins is unclear, and
somewhat surprising that a model which assumes such s
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to be isolated should work so well when there are no phy
cally isolated magnetic ions in these materials. This mo
does, however, reproduce the features of the data exc
ingly well, and it also provides a possible explanation f
several of the outstanding features in the data.
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