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We report the first detailed magnetic measurements on single crystals of the frustrated kagomé
magnet SrGy,Ga,-9,019. Significant anisotropy develops in the linear susceptibility at low
temperatures, providing experimental evidence for coplanar spin states. In a magnetic field, the
anisotropy is suppressed and displays a peak (unreported in other spin-glass-like materials) at
temperatures well above the spin-glass-like transition. The signatures of the spin-glass-like transition
also show strong anisotropy, suggesting that the component of the system’s magnetization which is
normal to the kagomé planes freezes completely, while the component parallel to the planes does
not. [S0031-9007(96)01104-0]

PACS numbers: 75.50.Lk, 75.30.Gw, 75.50.Ee

There has been much recent interest in magnetic mat¢he prediction that the spins have a coplanar ground state
rials which have antiferromagnetic exchange interactionsonfiguration (assuming the presence of either thermal or
frustrated by the intrinsic geometry of the magnetic sub-quantum mechanical fluctuations), a prediction which can
lattice [1]. The high degeneracy of states due to frusbe tested in single crystal samples.
tration is expected to lead to spin-liquid-like collective In this paper we report measurements on macroscopic
behavior where the spins fluctuate at low temperatures desinge crystals of SCGO. We find that as spin correlations
spite interacting strongly with each other. The nature ofdevelop upon cooling, the dc magnetic susceptibility
the ground states of pure frustrated systems is the sulfxy = M/H) develops significan{~160%) anisotropy,
ject of much theoretical work, and real frustrated mag-roviding the first experimental evidence of the theoreti-
netic materials do display low-temperature behavior notally predicted development of spin coplanarity. In the
observed in other magnets [2-5]. presence of a strong magnetic field, the anisotropy is

The geometrically frustrated magnetic material whichsuppressed but displays a peak at temperatures well
has received the most attention is Sf@3a;-9,019 aboveT,.. The peak in the anisotropy, indicative of a
(SCGO), in which (forp = 1) 67% of the spir8/2 Cr**  dimensionality crossover a& — T., has never before
ions are arranged on a two-dimensional (2D) kagomdeen reported in any anisotropic spin-glass-like material.
lattice consisting of corner-sharing triangles [3—6]. Al- The spin freezing aff. is also anisotropic in bothy
though the antiferromagnetic Weiss théfy ) is between and the nonlinear susceptibilitys;). The results suggest
—200 and—500 K depending on the Cr concentration, nothat the component of the magnetization normal to the
long range order is observed in this system ab®ve  kagomé planegM ) freezes much more completely than
1 K [4]. This indicates that the antiferromagnetic inter-the component in the planés/)), which our data show
actions are highly frustrated by the kagomé geometry otontinuing to fluctuate td@" < 7T./3. The existence of
the lattice. SCGO does undergo a transition into a novehnisotropic freezing provides a physical model for the
magnetic state [3], but only & << [@y|(T. ~ 5 K). In  coexistence of spin freezing and spin-liquid-like behavior
this low temperature state, SCGO has the bulk magnetiahich has been observed in previous studies.
properties of a spin glass, but thermal properties which The magnetic Cr' ions in SCGO are arranged in a
are usually associated with a two dimensional antiferrorepeating pattern of five stacked 2D layers in which the
magnet (specific heatT?). Neutron scattering [4] and second and fourth layers have the kagomé structure and
muon spin rotatiorwSR) [5] data indicate that the spins the others have a much less dense triangular structure in
are not strictly frozen in this low-temperature state, butregistry with the kagomé [3,6]. The excess Ga ions on the
rather continue to fluctuate down to very low tempera-Cr sites have been found to be distributed randomly on
tures, which is consistent with spin-liquid-like behavior. those sites [6]. Single crystals of SCGO with dimensions
The anisotropic structure of SCGO suggests that thedarge enough to allow measurements of a single grain
fluctuations are likewise anisotropic, and understandingossessing a hexagonal crystal habit were grown for
this anisotropy is crucial to the goal of understanding thehe first time from BjO; and B,O; based flux with
novel ground state. Indeed much theoretical work has adslow cooling in the temperature range between 1350 and
dressed the idea of an anisotropic spin liquid in a kagom800°C. The crystals have typical size5 mm wide X
spin system [7—9]. A common feature of these theories ia mm thick with weight ~0.05 g. The x-ray powder
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diffraction pattern at room temperature was consistenturther neighbor correlations are suppressed by the frus-
with the hexagonal magnetoplumbite structure of SCGO.tration. At ~120 K, however, y "!(T) deviates below
The concentration of Cr atomép) was determined linearity, as seen in the inset to Fig. 1, which suggests a
from high temperature and high fieldT) fits of y ' vs  decrease in both the effective moment and in the effective
T to Curie-Weiss behaviory '(T) = (T — Oy)/Nu?  |Oy|. This deviation suggests the formation of dynamic
where u is the effective moment anli is the number of spin clusters with moments smaller than the sum of the
spins. The ratio ofu to the expected value for 100% Cr constituent spins (as expected given the strong antifer-
concentration gives the actual concentration in the samplesomagnetic interaction) and that the dynamic clusters do
We label the samples studied as A, B, and C which hadhot interact strongly with each other. This behavior is
values forp of 0.42, 0.50, and 0.56; masses of 9.7, 27.0consistent with the kagomé spins forming coplanar cor-
and 20.4 mg; values f@y of —203, —271, =312 K;and related antiferromagnetic triangles with zero moment as
transition temperatures (based on the separation of fielgsredicted theoretically [7]. These data are also consistent
cooled and zero-field-cooled data) of 7.2, 6.5, and 4.8 Kvith neutron scattering results suggesting that the frozen
for A, B, and C, respectively. The heat capacity of ourmoments at the lowest temperatures are substantially less
samples had low temperature behavior consistent with thahan the full moment of the Cr ions [4]. As shown in
seen in previously studied ceramic samples, confirmingrig. 1, significant anisotropy and nonlinearity j(H)
that their magnetic properties are governed by the samgevelop byT ~ 20 K, although the temperature is still
physics. Sample A was actually four crystals grown by awell aboveT,. = 6.5 K.
different method (which produced much smaller crystals) As shown in the inset to Fig. 3, the anisotrofy =
[10]. The data shown below were all taken from sampleM| /M) begins to deviate from unity at a temperature
B, but the results were equivalent to those in all of the~100 K, ~20% lower than that wherg, ~!(T") deviates
other samples. from linearity. This anisotropy grows with decreasing
The measurements were performed on a commercidémperature to as much as 160%7at= 7 K and H =
magnetometer (Quantum Design) using a carefully maf.01 T. Since the anisotropy develops in the same
chined epoxy sample holder to orient the crystals withintemperature range as further neighbor correlations, we
+2° of the intended orientation. The data have beerattribute the anisotropy to these multispin correlations.
corrected for the small diamagnetic magnetization of thelhe anisotropy is probably not due to single-ion effects
sample holder. The samples all displayed effects of ferrosince the energy scale<l K) of single ion anisotropy
magnetic impurities equivalent te10 ppm of the Crions, for Cr** ions in the octahedraD?~ environment [11] is
the magnetization of which was saturated in fields abovenuch smaller than the temperatures where we observe
0.5 T and which had a negligible-1%) effect on the data. significant deviations ot from unity. Chemical disorder
The linear high temperature Curie-Weiss behaviorcould possibly be responsible for the anisotropy either
x ' ~ T — Oy, is seen in the inset to Fig. 1. That this through crystalline field or bond anisotropy, but this
behavior extends to temperatures well belt®s, | is a  possibility is strongly discounted by the correlation of
measure of the high level of frustration in the system [1]features inA(T) with many-body effects such as the
since one expects linear temperature dependenge 6f nonlinearity of y ~'(7) and the development of spin-
from only nearest neighbor correlations. The absencglass-like order. Furthermore disorder-induced anisotropy
of deviations from linearity af" ~ |®y| indicates that with A > 1 would give an Ising-like character to the
spins which in turn lead to formation of a gap at the
150 ' ' ' ' ' ' lowest temperatures. No such gap has been observed,
—=—Hliec=1T however, in ceramic samples of SCGO with similar levels
j::ﬁg::’l of disorder. These factors lead us to conclude that the
—o—H[c=4T observed anisotropy in SCGO is due to the formation of
a correlated spin state at low temperatures and that the
T behavior ofA(T) reflects that of the correlated spins.
Hic=1T The sense of the anisotropgM; > M,) and the
development of correlations imply that the moments
are oriented preferentially in the planes of the lattice,
0 since one expects to find a larggr normal to the
0 1 preferred spin direction in an antiferromagnet. These data
are experimental evidence for the theoretically predicted
' coplanar spin orientation in a kagomé spin system. They
further indicate that the spins preferentially choose to lie
T (K) in the a-b crystal plane in SCGO. The selection of

FIG. 1. The inverse susceptibility of an SCGO crystal as athe a-b plane (for which there is no justification in a

function of temperature with the applied field both parallel andPure kagomé system) implies that the correlations with
perpendicular to the axis (# LC andH || ¢). nonkagomé spins (i.e., those in the triangular layers)
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influence the kagomé spins. This is consistent with lowesition. By contrast, the ZFG/, data show only a weak
temperature magnetization and nonlinear susceptibility [3flecrease below,, with a slope that is more than 5 times
data which show that all of the spins (including those insmaller than they data. Furthermore, the FC suscepti-
the triangular layers) freeze. bility continues to increase monotonically to our lowest

Particularly interesting are the temperature dependenceésmperature (1.8 K). These results suggest that the copla-
of the magnetization and anisotropy as the sample aprar components of the spins are not completely frozen,
proachesT,. from above. As seen in Fig. 244 actually but that the noncoplanar components are. This makes
begins to decrease at a temperature as highTasn a  qualitative sense since the noncoplanar spins do not form
few tesla field. This effect is even more visible in Fig. 3the S = 0 correlated coplanar triangles and thus interact
where we have plotted the temperature derivatived of more strongly with spins in other planes and are more
and y !, both of which show pronounced peaks at a tem-susceptible to freezing. The freezing of only noncoplanar
perature well abov&.. As seen in Fig. 2, the temperature components of the spins is consistent with the results of
of the peak ilA(T') increaseswith applied field. Note that neutron anduSR experiments which demonstrate spin
the peak inA(T), which has not been reported in other fluctuations down to very low temperatures despite the
anisotropic spin-glass-like materials, has field dependencspin freezing observed in bulk measurements (recently
opposite to that of.. (Based on the branching tempera- Lee et al. showed that~40% of the spins do not freeze
tures between field-cooled and zero-field-cooled d&ta, [4]). The anisotropy iny cannot be explained by pref-
in SCGO decreases sharply with field as expected for aarential domain formation in a particular field orientation
ordinary spin glass [12]). It is clear from the data at 0.01since the spin correlation length is10 A in the planes
and 1.0 T in Fig. 3 that the maximum ihcorresponds to and2 A out of the planes [4].
the same physical process (discussed below) responsibleThe nonlinear susceptibility also shows strong aniso-
for the maximum in the slope of (7). As shown in tropy as seen in Fig. 4(b). We determige in the same
Fig. 2, application of a magnetic field also strongly sup-manner as previous authors [2,3,6] by fittibgvs. H to a
presses the high degree of anisotropy at low temperaturegolynomial in odd powers off and taking the cubic term
The decrease of the anisotropy with a field which is smalto be y;. The much larger peak seen iny; measured
relative to the exchange enerdgi| ~ 100 K based on with H || ¢, confirms the above conclusion that spin freez-
®y) implies that the energy scale of the anisotropy is ofing is more complete with the field in that orientation. One
orderugH ~ 10 K. might argue that the anisotropy i is a result only of the

The magnetic signatures of the spin-glass-like transitiormnisotropy iny and not indicative of anisotropy in the spin
also show significant anisotropy. Plotted in Fig. 4(a) isfreezing, sinceys ~ x2/T in the absence of a spin-glass-
the difference between the field-cooled (FC) and the zerdike transition [7]. This reasoning is, however, incorrect
field-cooled (ZFC) susceptibility ai = 100 G. There  since the ratid x3) . /(x3); is more than 3 time€y / x|)?
is a clear qualitative difference between the susceptiat temperatures slightly aboe (where rounding effects
bility measured in the two orientations of the crystalare not significant). This confirms that the difference in
(xi1/. = My, /H). The freezing withH||c results in  x;3 is not due to the anisotropy in the linear susceptibility,
a sharp decrease of the ZFg; below T, and the vir-  but reflects the anisotropic development of an Edwards-
tual leveling of FC data at temperatures below the tranAnderson-like order parameter.

The anisotropy in spin freezing and the resultant
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FIG. 2. The anisotropy of the magnetization as a function ofFIG. 3. The temperature derivatives afand of the inverse
temperature at various magnetic fields. Note that applicatiosusceptibility inG/(emymole C)j/K with H ||c. Inset: The

of a strong field suppresses the pealdifi’) and moves itto a temperature dependence &(T). Data were taken at 0.01 T
higher temperature. (open symbols) and 1.0 T (closed symbols).
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disorder induced by these defects is probably responsible
for the spin-glass-like freezing.

The coplanarity within the kagomé plane does not,
however, appear to be requisite for the anomalous ground
states since thg? dependence of the heat capacity is
observed even in fields as high as 12 T [15], which our
data show to be sufficient to dominate the anisotropy.
This suggests that the primarily two-dimensional nature
] of the spin correlations [which is responsible for the
——t §H g deviation of y ~'(7) from linearity and theT’?> specific

/ ] heat dependence &t < T.] has a much higher energy
L/ @ ] scale (~100 K) than the three dimensional interplanar
4 \. ] interactions (leading to the spin-glass-like freezing) which
i \ :::: lfe have energies-10 K.
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FIG. 4. The anisotropy of the spin freezing in SCGO. (a)
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