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(Received 9 January 2007; published 3 July 2007)

Critical exponents closely matching those of the N � 2 chiral universality class have been obtained for
the layered magnetic system cobalt glycerolate using muon spin relaxation. This class was originally
introduced to represent geometrically frustrated triangular stacked-layer XY magnets with chiral noncol-
linear spin structures. Since the present magnetic system is a canted XY system without geometrical
frustration or chiral degeneracy, the results indicate that the order parameter for canting in this system
plays a similar role to the chiral order parameter in the geometrically frustrated systems, strongly
suggesting that both types of noncollinear system share the same universality class.
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The study of the critical behavior of continuous mag-
netic transitions near the ordering temperature using tech-
niques such as neutron scattering has proved to be a
powerful way of determining the nature and symmetry of
magnetic interactions [1]. Based on the concepts of critical
scaling and universality, theoretical results for the asymp-
totic power-law critical exponents have now been calcu-
lated for model systems from a variety of universality
classes [2] and these can be compared directly with experi-
ments. One of the more recent classes to emerge is the so-
called N � 2 chiral (N2C) universality class [3], first iden-
tified by Kawamura [4] in the context of stacked triangular
antiferromagnets (STAs) with easy-plane anisotropy,
whose properties are dominated by frustration and noncol-
linear magnetic order. The proposed order parameter sym-
metry Z2 � S1 reflects twofold chiral (Z2) and continuous
XY (S1) components. Corresponding critical exponents
have been calculated in a number of studies [5–9], con-
verging on values significantly different from those of
standard collinear magnets and in rather good agreement
with experiments on the easy-plane STA CsMnBr3 [3,10].
So far this STA is the best example to show N2C behavior
and finding further clear examples of this N2C class is
desirable to fully establish the validity and scope of the
class. This has been questioned recently following theo-
retical [11] and experimental [12] studies indicating that
transitions in some N2C candidate systems of the STA type
are weakly first order. In this Letter, we report on cobalt
glycerolate, Co�C3H6O3� (CoGly) [13,14], an example of a
layered antiferromagnet (AF) with a noncollinear spin
structure. Lacking geometric frustration and chiral degen-
eracy, it nevertheless is found to show N2C criticality.

The sample used for the measurements was prepared at
the University of Strasbourg and the �SR measurements
were carried out at two complementary �SR facilities.
Zero field (ZF) relaxation and transverse field (TF) rotation
studies were carried out at the ISIS Muon Facility in the

UK using, respectively, the MUSR and ARGUS instru-
ments. For ZF precession studies of the magnetically or-
dered state requiring fast time resolution, the GPS
instrument at the S�S facility of the Paul Scherrer
Institut, Switzerland was used.

The crystal structure of CoGly is monoclinic [13], con-
sisting of puckered cobalt oxide magnetic layers parallel to
the bc plane, sandwiched by the CH2CHCH2 organic back-
bone of the glycerol, with the separation between magnetic
layers along the a axis being 0.8 nm. The magnetic sus-
ceptibility above 100 K follows the Curie-Weiss law with
an AF Weiss constant � � �55 K [15] and magnetic
ordering takes place below TN � 35:5 K. The structure
within a layer (Fig. 1) consists of a distorted hexagonal
network of magnetic Co2� ions connected by single (J1)
and double (J2) oxygen bridges. The J1 bridges have a Co-
O-Co angle of 133�, suggesting AF exchange, whereas the
J2 bridges have an angle close to 90� (98�), suggesting
weaker ferromagnetic (FM) exchange.

The structure has been measured at 1.9 K using the D20
neutron diffractometer at the ILL in Grenoble, France and
the diffraction data are shown in Fig. 2. A wavelength of
2.418 Å was used and the data were analyzed using the
GSAS suite of programs [16]. The space group is P21=c
with lattice parameters a � 8:106�9�, b � 6:398�10�, c �
8:643�7� �A, and � � 93:60�9��. The magnetic cell is
(2a b c) with a moment of 2.27(5) �B on each cobalt.
The goodness-of-fit parameters were Rwp � 0:54% and
Rp � 0:37%. Spin orientations were determined to a pre-
cision of 3� and the resulting spin structure is shown in
Fig. 1. As expected, AF coupled chains run along b with
FM coupling in the c direction; however, each chain is
canted out of plane by 19�. The canting direction alternates
for successive chains so that the overall structure within a
layer is still AF. The only simple collinear interactions in
this system are those in the weakly coupled interlayer
direction a. The orientation of the AF chains within the
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bc plane appears to follow closely one of the two J1

couplings present at each Co site and there are thus two
possible noncollinear structures resulting from this degen-
eracy [Fig. 1(a) and 1(b)] produced by competition be-
tween the local anisotropy at the Co sites and the exchange
couplings J1 and J2.

For critical studies of AF systems, a local probe tech-
nique such as muon spin relaxation (�SR) [17] can be very
useful as it is usually directly sensitive to the staggered
order parameter, in marked contrast to bulk magnetic
measurements. �SR also has the advantage that it does

not generally need to use large single crystals. A number of
previous �SR studies have looked at magnetic critical
exponents. Although some earlier reports concerned AF
systems [18], recent attention has mainly been focused on
FM examples [19–21]. In the AF case, a reasonably broad
and accessible critical region allows systematic analysis of
critical behavior using �SR and we demonstrate here a
method for extracting the full set of critical exponents.
First, exponent � is obtained from the zero field �SR
precession in the magnetically ordered state. The �SR
frequency shift in a small transverse field gives the second
exponent �. Finally, the longitudinal muon spin relaxation
provides the exponent w. Since the exponents are related
by a set of scaling relations [2], these three exponents
measured by �SR should be sufficient to determine the
complete set of static and dynamic critical exponents.

Example ZF muon data are shown in Fig. 3(a), just
above and just below TN . A well-defined ZF precession
signal is clearly seen in the ordered state, whose dominant
frequency f1 reaches 54 MHz at the lowest T. The Fourier
spectrum of the precession well below TN also shows three
weaker components at lower frequency [Fig. 3(b) and
3(c)]. The T dependence of f1 reflects the magnetic order
parameter [Fig. 4(a)]. The critical exponent � is extracted
from the data near the transition [Fig. 4(a) inset], which
follows f1 / 	1� �T=TN�n
�, where n is close to 1, giving
� � 0:228�9�. This is significantly lower than the value
0.346 for a standard 3D XY system and reasonably close to
the averaged estimate of 0.25(1) for Monte Carlo (MC)
simulations of the N2C class (Table I).

The presence of a dominant single frequency within a
complex magnetic structure strongly suggests a primary
muon site with high symmetry. Following dipolar field
calculation for the spin structure of Fig. 1, the site
(0.5,0,0) is assigned to f1. Taking the Co moment seen
by neutrons, this site has muon precession frequency
54.3 MHz, closely matching the measured f1. The site
sits at the center of the distorted hexagons within the
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FIG. 2. The neutron powder diffraction pattern of CoGly mea-
sured at 1.9 K (symbols) along with the simulation obtained
from the data analysis (line). The lower curve shows the differ-
ence between the data and the simulation.
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FIG. 1 (color online). The ordered spin structure of CoGly
derived from neutron diffraction. Co spins within one layer
form a distorted hexagonal network when projected onto the
bc plane. The spins can be viewed as forming chains along the b
axis following dominant AF coupling J1; however, each AF
chain is canted by 19� out of the plane and its easy axis within
the plane follows closely one of the J1 directions. The coupling
between adjacent chains resulting from J2 is dominantly FM. (a)
and (b) show two equivalent spin structures reflecting local
alignment with one or other of the J1 interaction paths. Stars
indicate the predominant muon sites assigned to f1.
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FIG. 3. (a) ZF muon spin relaxation data for CoGly both above
and below TN , with lines as a guide to the eye. (b) and (c) show
the cosine and sine Fourier transforms of the precession data
obtained below 16 K. Four main frequencies can be resolved,
with the dominant one at 54 MHz (f1) and three others at lower
frequency (f2 to f4).
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magnetic layer (shown as stars in Fig. 1). Sites with lower
frequencies matching f2 to f4 can be found in the region
between the magnetic layers.

By applying a small TF in the paramagnetic phase, a
measurement of the T dependence of the local magnetic
susceptibility may be obtained from the shift of the muon
spin rotation frequency f=f0 � 1 / � / jT=TN � 1j��.
From this the critical exponent � is obtained [Fig. 4(b)].
The resulting value � � 1:05�4� is significantly smaller
than 1.318, the standard value expected for a 3D XY
system, but consistent with the average MC prediction
1.07(3) for the N2C class (Table I).

Further static exponents �, �, and � can be derived from
the measured � and � using the scaling relation

 � � 2� 2�� �; (1)

and hyperscaling relations involving the spatial dimension
d � 3:

 � � �2� ��=d � �2�� ��=d; (2)

 � � 2� �=� � 2� �d=�2�� ��: (3)

The values obtained for all these critical exponents are well
matched to N2C class predictions (Table I), whereas the
standard XY�N � 2�, Heisenberg (N � 3) and O(4) (N �
4) classes are clearly inconsistent with the measurements.
The experimental values are also similar to those obtained
from neutron scattering on the XY STA CsMnBr3. Both
�SR and MC values of � derived using (3) are slightly
negative, whereas � should always be positive for a con-
tinuous transition [2]. This probably reflects the limited T
ranges and model sizes involved in the scaling analysis,
leading to corrections to scaling that produce slightly
modified effective exponents. Whereas the scaling relation
(1) remains robust against these corrections, the hyper-
scaling relations (2) and (3) acquire additional errors
[26], that will be particularly significant for �, as it is so
close to zero. It is notable that direct calculation of � using
field theory (FT) has given the positive value 0.09(1) [8]
(Table I) and this is expected to be more reliable than
values dependent on hyperscaling.

The longitudinal muon spin relaxation is sensitive to the
dynamic critical behavior, probing the spin correlation
time 	, which diverges as 	 / jT � TNj�w following the
slowing down of critical fluctuations near the transition. In
the fast fluctuation regime that applies here the relaxation
rate 
 is directly proportional to 	 and thus also follows the
critical exponent w. This is related to the dynamic expo-
nent z and two static exponents by [27]

 w � ��z� 2� d� ��: (4)

Divergence of the measured ZF relaxation is clearly
seen, both above and below the transition [Fig. 5(a)]. A
secondary relaxation peak also appears near 10 K
[Fig. 5(a)]; however, no anomaly is seen in f1 near 10 K
[Fig. 4(a)], so there can be no significant change in the spin
structure. A similar feature is seen in the ac susceptibility
[15], most likely related to the motion of AF domains.
From the scaling analysis of 
 near TN [Fig. 5(b)] it is
found that one value w � 0:20�1� describes the data both
above and below TN . No cutoff to the scaling is seen near
the transition, in contrast to the dipolar crossover typically
seen for FM systems [21]. The ratio of 
 values above and
below the transition for the same value of jT � TNj is
5.4(2), close to the universal susceptibility ratio, which is
calculated to be in the range 4.7–5.0 [2]. To derive z from
the measured �SR exponents, we combine (2)–(4), to give

 z � d�2�� w�=�2�� ��: (5)

This results in the value z � 1:25�6�, which is smaller than
the standard value z � d=2 � 1:5, expected for an AF
[27]. The breakdown of hyperscaling giving the apparently
negative value for � is probably also the main origin of this
discrepancy. If, on the other hand, we assume the standard
value z � 1:5, an alternative estimate of � can be provided
by (4). The positive value � � 0:10�3� is then obtained,

TABLE I. Static critical exponents obtained from analysis of
the �SR data for CoGly compared with theoretical predictions
for different 3D magnetic models. The values of � and � for
CoGly have been obtained directly from the measurements and
the values of � and � and � have been derived from scaling
relations. Experimental values from neutron scattering on the XY
STA CsMnBr3 are also provided for comparison.

� � � � �

CoGly 0.228(9) 1.05(4) 0.50(1) 0.49(4) �0:09�5�
N2C (MC) [22] 0.25(1) 1.07(3) 0.51(1) 0.37(5) �0:07�10�
N2C (FT) [8] 0.31(5) 1.10(4) 0.57(3) 0.29(9) 0.09(1)
XY [2] 0.346 1.318 0.672 �0:015 0.038
Heisenberg [2] 0.369 1.396 0.711 �0:134 0.038
O(4) [23] 0.39 1.39 0.70 �0:17 0.02
CsMnBr3 [24] 0.21(2) 1.01(8) 0.54(3) 0.57(9) 0.1(2)
CsMnBr3 [25] 0.25(2) 1.10(5) 0.57(3) 0.40(5) 0.07(13)
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FIG. 4. (a) The T dependence of the dominant ZF precession
frequency f1 (the line is a guide to the eye). The inset shows the
scaling plot from which � is determined. (b) Frequency shift of
the muon spin rotation in a TF of 5 mT. The inset shows the
scaling plot used for deriving �. TN was determined from the
transition midpoint.
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fully consistent with the N2C value 0.09(1) obtained from
field theory.

From Table I, both CoGly and CsMnBr3 are seen to be
very good experimental examples of N2C criticality. It
appears that in easy-plane layered systems, both the chiral
and canting degrees of freedom are working in a similar
way. This is not unreasonable, since both are manifesta-
tions of noncollinearity that can be represented by a two-
fold Z2 component in the order parameter, thus transitions
of both types would be expected to share the same univer-
sality class. Further evidence for N2C behavior in the
absence of chirality has also been highlighted in MC
simulation [9]. One is drawn to the overall conclusion
that, as far as the spin correlations are concerned, it is the
noncollinearity resulting from the competing spin interac-
tions that is the defining feature of these N2C systems,
rather than the specific property of chirality. Therefore, the
class would perhaps better be named the N � 2 noncol-
linear (N2NC) class.

In conclusion, �SR has been shown to be a powerful
probe of the critical magnetic properties in this particular
AF, demonstrating N2NC-class critical behavior in a sys-
tem that is very different from the STA and helimagnet
systems that have previously been studied as representa-
tives of this class. The result therefore provides further
support to the idea of universal behavior among such
systems and suggests that there should perhaps be wider
relevance within magnetism for this N2NC universality
class than previously acknowledged.
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FIG. 5. (a) The T dependence of the ZF longitudinal relaxation
rate 
. (b) Scaling plot showing the critical behavior of 
 on
approaching the transition at TN � 35:52�3� K from the para-
magnetic region (upper data) and the ordered region (lower
data). The fitted 
 on the paramagnetic side is a factor 5.4(2)
greater than that of the ordered side.
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