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The dc magnetization and the electron spin resonance �ESR� measurements have been performed on
�-NaMnO2 polycrystalline sample, a quantum spin system on a frustrated two-dimensional �2D� triangular
lattice with spatially anisotropic Heisenberg exchange. The former measurements reveal a realization of the
high-spin state �S=2� on magnetic Mn3+ sites. From the susceptibility curve, we have determined the nearest-
neighbor antiferromagnetic exchange coupling constants �namely, in the preferably coupled spin chains,
J1 /kB=65 K, and perpendicular to them, J2 /J1=0.44� by employing the finite-temperature Lanczos method.
The dominant magnetic anisotropy term of the single-ion type, D /kB=−4.1 K, which establishes an easy-axis
direction, is evaluated from the ESR linewidth. We find that the temperature dependence of the linewidth
reflects the onset of short-range static spin correlations below room temperature.
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I. INTRODUCTION

Since Anderson’s conjecture of a resonating-valence-bond
ground state of a two-dimensional �2D� triangular Heisen-
berg antiferromagnet,1 extensive research has been carried
out on this and related lattices. The emphasis has mainly
been put on resolving the issue of whether the interplay be-
tween quantum fluctuations and a geometrical frustration can
lead to novel magnetic ground states. A predominance of the
numerical studies speak in favor of a zero-temperature non-
collinear long-range magnetic order on a 2D spin-1 /2 trian-
gular lattice, when only isotropic nearest-neighbor �nn� anti-
ferromagnetic exchange is considered.2–5 When spatially
anisotropic exchange interactions are present—exchange
coupling between spins along one of the triangle directions
�the chains� is different than along the other two directions—
the ground-state phase diagram becomes considerably richer.
Namely, depending on the ratio between the intrachain J1
and the interchain coupling J2, long-range magnetic order on
two or three sublattices, incommensurate magnetic order, or
various spin-liquid phases can be realized.5,6 The latter are
found in parameter regions where quantum fluctuations are
largest, i.e., at J1 /J2=0.5, J1 /J2�0.8, and J1 /J2�4.5,7,8 On
the other hand, much less is known about the triangular lat-
tice when its sites are occupied by integer spins.

Recently, � -NaMnO2 has been highlighted in this context
by Giot et al.9 Its room-temperature crystal structure is of the
�-NaFeO2 type, where cubic close packing �ABCABC� is
realized for oxygen ions. Sodium and manganese ions oc-
cupy octahedral sites in consecutive oxygen interlayers,10 as
visualized in Fig. 1�a�. The original rhombohedral structure

of the iron-based compound is, however, distorted, so that
�-NaMnO2 adopts a monoclinic space group �C2 /m�. This is
due to the Jahn-Teller �JT� distortion of MnO6 octahedra that
occurs for Mn3+ ions �t2g

3 eg
1�, in effect lifting the orbital de-

generacy. The result is a large difference between apical and
equatorial Mn-O distances, 2.40–1.93 Å.9 According to den-
sity functional calculations for the isostructural system
�-LiMnO2, JT distortion should lower one of the eg states
below the Fermi level and thus stabilize the high-spin state
�S=2� on Mn3+ sites.11

Although the crystal structure of �-NaMnO2 has been
known for a rather long time, only a few experimental mag-
netic characterization attempts were reported in literature, all
of them dating more than three decades ago.10,12 On the
contrary, the magnetism of the isostructural �-LiMnO2 has
been a subject of extensive research in recent years, mostly
due to its favorable characteristics for lithium rechargeable
batteries.13 Recent neutron diffraction investigation of the
�-NaMnO2 has suggested that the corresponding spin sys-
tem, which can be mapped on a spatially anisotropic 2D
triangular lattice �see Fig. 1�, exhibits 2D antiferromagnetic
spin correlations below at least 200 K, which evolve into a
three-dimensional �3D� long-range order below TN=45 K.9

Interestingly enough, below TN, the magnetic Bragg peaks
were found to coexist with Warren-type of scattering, sug-
gesting the coexistence of 3D and 2D magnetic domains.
Moreover, the phase transition seems to be of a magnetoelas-
tic type, where the onset of long-range magnetic order is
accompanied by structural phase deformation, lowering the
symmetry from monoclinic to triclinic.9

In order to understand the intriguing magnetic behavior of
�-NaMnO2, it is of utmost importance to determine the mag-
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netic interactions within the spin system. In this paper, we
evaluate the major contributions to the spin Hamiltonian. We
tackle this problem by modeling the temperature dependence
of bulk magnetic susceptibility and electron spin resonance
�ESR� spectra in the paramagnetic phase. Our results include
both the intrachain and the interchain nn isotropic exchange,
as well as the major magnetic anisotropy term. The latter,
magnetocrystalline contribution, is shown to be of the single-
ion type and sets a magnetic easy axis for the system.

II. EXPERIMENTAL DETAILS

We have synthesized polycrystalline �-NaMnO2 samples
according to the published procedure.10 X-ray powder dif-
fraction measurements confirmed a high-purity C2 /m crys-
talline phase at room temperature.

Magnetization measurements were conducted on a Quan-
tum Design MPMS-XL-5 superconducting quantum interfer-
ence device magnetometer, in an external field of 1 kOe,
between 2 and 400 K. X-band electron spin resonance ��L

=9.40 GHz� measurements were performed in a temperature
range between 5 and 600 K on a Bruker E580 FT/CW spec-
trometer, equipped with a helium-flow cryostat and a
preheated-nitrogen-flow heating system for reaching high
temperatures. High-field ESR measurements ��L=100–
400 GHz� were conducted in a transmission mode on a
homebuilt spectrometer with a Gunn-diode source at
NHMFL, FL.

III. THEORETICAL BACKGROUND

As imposed by the crystal structure �Fig. 1�a��, the mag-
netic properties of the presently investigated layered com-
pound should be well accounted for by the spatially aniso-
tropic Heisenberg model on a triangular lattice �Fig. 1�b��.
Due to the large interlayer distance, possible interlayer su-
perexchange pathways include several ions and the interlayer

coupling can be neglected at high temperatures. The corre-
sponding 2D spin Hamiltonian in the external magnetic field
H can then be written as

H = J1�
�ij�

Si · S j + J2�
�kl�

Sk · Sl − g�BH�
i

Si
z + H�, �1�

where the first two sums add up to the exchange Hamiltonian
He, with �ij� as nn intra-chain and �kl� as nn interchain spin
pairs. The chain direction corresponds to the crystal b axis
and the z axis has been chosen to be that of the magnetic
field H. The third sum denotes the Zeeman Hamiltonian HZ
and the term H� represents the magnetic anisotropy. For
Mn3+ ions, the latter is dominantly of the single-ion type, i.e.,

H� = D�
i

�Si
��2 = D�

i

�Si
z cos � − Si

x sin ��2. �2�

Here, the axis �, tilted by the angle � from the z axis, denotes
the direction of the Jahn-Teller distortion of MnO6 octahedra
in the ac crystal plane. Since each intrachain as well as in-
terchain nn Mn–Mn bond features a center of inversion, the
Dzyaloshinsky-Moriya antisymmetric exchange interaction
is forbidden between nearest neighbors by symmetry.14 Other
contributions, including the symmetric part of the anisotropic
exchange and the dipolar interaction, are not important, as
further argued in Sec. V.

In the case of a large isotropic exchange compared to
other interactions in the Hamiltonian in Eq. �1�, the ESR
spectra exhibit a Lorentzian line shape.15 For broad lines �of
the order of the resonance field Hres�, both circular polariza-
tions of the microwave irradiation, determining the reso-
nances at ±Hres, have to be taken into account,

dI

dH
�

d

dH
� 	H + 2r�H − Hres�

4�H − Hres�2 + 	H2 +
	H + 2r�H + Hres�
4�H + Hres�2 + 	H2� .

�3�

In this expression, the parameter 	H denotes a linewidth,
while r represents the amount of a dispersion admixed into
an absorption spectrum. In insulating materials, one usually
encounters pure absorption Lorentzian lines �r=0�. However,
asymmetric dispersive Lorentzians, i.e., Dysonian-like line
shapes, can be observed if the dispersion contribution is ad-
mixed with the absorption. This is in general expected if the
magnetic anisotropy of a particular system results in very
broad ESR lines �of the order of Hres� due to nondiagonal
terms of a susceptibility tensor.16 Alternatively, Dysonian
line shapes are in general observed in metallic samples due
to a skin effect.17

At high temperatures �kBT
g�BH�, the ESR linewidth
can be approximated by18

	H = C
kB

g�B

	M2
3

M4
, �4�

where the second and the fourth moment of the absorption
spectra have the following form:

M2 =

�H�,S+��S−,H���


S+S−�
, �5�

FIG. 1. �Color online� �a� Crystal structure of monoclinic
�-NaMnO2 as viewed along the �010� direction. The purple �small�,
yellow �medium�, and blue �large� spheres denote manganese, so-
dium, and oxygen ions, respectively. �b� Arrangement of edge-
sharing MnO6 octahedra in the ab crystal plane and the associated
spatially anisotropic triangular lattice of Mn3+ S=2 spins. �c� The
finite m�n cluster used in the FTLM calculations �periodic bound-
ary conditions� with intrachain J1 and interchain J2 exchange.
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M4 =

�H − HZ,�H�,S+���H − HZ,�H�,S−���


S+S−�
, �6�

respectively. In the above expressions, �¯� denotes commu-
tators while 
¯� stands for thermal averaging.

The constant C depends on the approximation of the line
shape.18 The moments of a purely Lorentzian line diverge
while the theoretical ones, determined by the spin Hamil-
tonian, are finite. Consequently, the measured ESR lines are
Lorentzian within a certain field range around Hres and decay
faster in their extreme wings.19 Therefore, such approxima-
tions have a physical footing. One should use the approxi-
mation line shape for which the agreement between the the-
oretical exchange field Hex=kB /g�B

	M4 /M2, determined by
the spin Hamiltonian, and the one given by this line shape is
the best. Usually, the approximation where the Lorentzian
line in multiplied with the broad Gaussian G�H��exp�−�H
−Hres�2 /2Hex

2 � is applicable to systems with strong exchange,
assuming that the decay of spin correlations is Gaussian in
time.19 In this case, C=	2�. Lastly, it should be stressed that
a temperature dependent linewidth reflects the evolution of
the spin correlation functions through Eqs. �4�–�6�.15

For the spin Hamiltonian considered in Eq. �1�, the mo-
ments can be calculated exactly in the infinite-temperature
limit, when spin-spin correlations at different sites become
negligible; M2= 21

10D2�1+cos2 �� and M4= 252
5 D2�J1

2+2J2
2��1

+cos2 ��, where only the leading term in magnetic aniso-
tropy is retained for M4. Inserting these expressions into Eq.
�4� and performing powder averaging, we derive the follow-
ing ESR linewidth expression:

	H
 =
7	3�

15

kB

g�B

D2

	J1
2 + 2J2

2
. �7�

In addition to the above exact expressions, we have car-
ried out quantitative analysis based on numerical calculations
of the uniform susceptibility �0� 
Sz2� /NT and static spin
correlations in Eqs. �4�–�6� of finite N-site spin clusters.
These calculations were carried out by means of the finite-
temperature Lanczos method �FTLM�.20 The FTLM is non-
perturbative, based on the Lanczos procedure of exact diago-
nalization and random sampling over initial wave functions.
It is particularly convenient for triangular lattices as it does
not suffer from the minus-sign problem, which may arise in,
e.g., quantum Monte Carlo simulations on such geometri-
cally frustrated systems. Moreover, the FTLM continuously
connects the high- and low-temperature regimes and incor-
porates as well as takes advantage of the symmetries of the
problem. We have considered the translational symmetry and
the total Sz invariance of the Hamiltonian in Eq. �1� for �
=0. In this way, we managed to compute clusters with up to
N=12 spin-2 sites. Among the shortcomings of the FTLM is
its limitation in reaching arbitrary low temperatures on finite
systems, which leads to the appearance of sizable finite-size
effects. We have analyzed the convergence of the method by
applying FTLM to various N=m�n clusters defined in Fig.
1�c� using periodic boundary conditions �see Fig. 2�b��.
From this finite-size analysis, we safely conclude that an N

=6�2 cluster provides a good thermodynamic limit, where
the estimated error of the calculated susceptibility is less than
5% in a given temperature range.

IV. EXPERIMENTAL RESULTS

A. dc susceptibility

The magnetic susceptibility of the sample, i.e., magneti-
zation divided by the applied magnetic field of 1 kOe, is
shown in Fig. 2 �we note that the notation �0=M /H is valid
only in the paramagnetic phase�. It exhibits a broad maxi-
mum around 200 K, characteristic of spin correlations build-
ing up in low-dimensional antiferromagnets. This feature
was recently thoroughly investigated for spin-1 /2 spatially
anisotropic triangular lattices via high-temperature series-
expansion calculations.21

The broad maximum of the susceptibility curve suggests a
large negative Curie-Weiss temperature. To accurately deter-
mine this parameter, the susceptibility curve should be mea-
sured to much higher temperatures, since it will get greatly
overestimated if the estimate is done at temperatures of the
order of or below the Curie-Weiss temperature.21 On the

FIG. 2. �Color online� �a� The temperature dependence of the
magnetic susceptibility ��0=M /H� measured at 1 kOe �circles� and
the corresponding numerical fit on N=6�2 site cluster �solid line�
determining the magnetic exchange parameters, J1 /kB=65 K and
J2 /kB=29 K. The fit corresponds to temperatures above TN=45 K,
which is emphasized with the vertical line. The inset shows the
low-temperature part. �b� The finite-size analysis of the susceptibil-
ity calculated by FTLM on various N=m�n clusters, with m=2
−6 and N�12 �lines�. We also show a classical Monte Carlo result
on 16�16 site cluster �squares� to emphasize the quantum effects
in a given spin-2 system. All curves are calculated with the same
exchange parameters as in �a�. The inset shows the temperature
derivative of the measured susceptibility.
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other hand, its sign, speaking in favor of antiferromagnetic
correlations, is enough to determine the spin state of the
Mn3+ magnetic moments in �-NaMnO2. Namely, the antifer-
romagnetic correlations reduce the susceptibility below the
value given by the Curie law at each temperature in the in-
vestigated temperature interval. Since only S=2 spins yield a
value given by the Curie law, C /T=7.5�10−3 emu /mol,
which is above the measured susceptibility at 300 K,
�0�300 K�=3.1�10−3 emu /mol, this confirms the realiza-
tion of the high-spin state. We stress at this point that the
realization of such state is in accordance with density func-
tional calculations for the isostructural �-LiMnO2.11

Below 20 K, the magnetization exhibits a distinctively
different behavior. Namely, at around 20 K, it shows a broad
minimum and then starts to slowly increase with decreasing
temperature. It must be stressed that this increase is much
slower than the one described by the Curie law �see inset to
Fig. 2�a��, as expected in the case of paramagnetic impuri-
ties. The plateaulike dependence should therefore be an in-
trinsic property.

The change of the behavior at low temperatures can be
attributed to the long-range magnetic ordering, taking place
below TN=45 K. The ordering is evidenced by the presence
of magnetic Bragg peaks in the neutron diffraction patterns.9

In dc magnetization measurements, it is indicated by a subtle
“kink,” clearly recognized only on a d� /dT plot �inset to Fig.
2�b��. Similar subtle changes were, for instance, observed in
the susceptibility curve of the orthorhombic LiMnO2 at the
long-range magnetic-ordering temperature.22

B. Electron spin resonance

The X-band ��=9.40 GHz� ESR spectra are very broad
�Fig. 3�. The linewidth increases monotonically with de-
creasing temperature, which makes the spectra unobservably
broad below around 180 K. The temperature evolution of the
linewidth, shown in Fig. 4, was determined by fitting the

experimental spectra to Eq. �3�. At high temperatures, the
width approaches a constant value, suggesting that static spin
correlations are diminishing. It is worth noting that no sud-
den changes in the temperature dependence of the linewidth
are observed. The Jahn-Teller distortion, which is the main
source of the magnetic anisotropy in the system, should
therefore remain static on the ESR timescale at least up to
600 K.

The observed ESR spectra are of the Dysonian shape,
marking the admixture of the dispersion and the absorption
signal. As they broaden with decreasing temperature, the
Dysonian character is progressively enhanced. The increase
of the dispersion-to-absorption ratio parameter r with de-
creasing temperature is shown in the inset to Fig. 4. Similar
behavior23 was recently observed in the insulating quasi-2D
compound GdI2. A qualitative explanation, based on the ef-
fects of the anisotropic susceptibility on the line shape, re-
veals that the admixture of the dispersion is enhanced with
the line broadening and/or the line shift.16 This picture is
applicable to �-NaMnO2 since recent density-of-states and
band-structure calculations confirmed that the compound is
semiconducting.24 Alternatively, increased conductivity with
decreasing temperature could potentially lead to the observed
line shape transformation.17

We have performed further ESR measurements at fre-
quencies between 100 and 400 GHz in a transmission setup.
Since the admixture of the dispersion and the absorption
mode is intrinsic in these measurements, no further conclu-
sion can be drawn on the line shape. The ESR spectra remain
single-line Dysonian �Fig. 5�; however, they exhibit some
frequency broadening, as shown in Fig. 6�a�. The nonmodi-
fied line shape infers that this broadening is not due to
g-factor anisotropy. Also, g-strain effects are highly unlikely,
since g-factor distribution with a width of �g�0.1 would be
needed. Therefore, the frequency broadening at room tem-
perature may be reflecting the development of spin correla-
tions.

Since at higher frequencies the room-temperature line-
width becomes small compared to the resonance field, these
measurements can be utilized for a more accurate determina-

FIG. 3. �Color online� The temperature evolution of the deriva-
tive X-band ESR spectra in �-NaMnO2 �circles� and the corre-
sponding fits �solid lines�, given by Eq. �3�.

∆

FIG. 4. �Color online� The experimental �circles� and numeri-
cally predicted �line� temperature dependence of the ESR linewidth
in �-NaMnO2 at 9.40 GHz. The FTLM calculation was performed
on N=6�2 site cluster with the same exchange parameters as in
Fig. 2�a� and 
D
 /kB=4.1 K. The inset shows the temperature
changes in the dispersion-to-absorption ratio.
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tion of the powder-averaged g factor. The straight line in Fig.
6�b� corresponds to g=1.993. Such value, slightly below the
free electron value g0=2.0023, is commonly observed for
less than half-filled d-orbital transition metals, providing that
an orbital singlet is present.25

V. DISCUSSION

The parameters of the exchange Hamiltonian in Eq. �1�
are readily obtained by fitting �0, calculated by FTLM, to the
measured data M /H above TN, as shown in Fig. 2�a�. The
optimal parameters for the N=6�2 site cluster are J1 /kB
=65±1 K and J2 /kB=29±1 K, which yield the exchange ra-
tio J2 /J1=0.44. In this particular calculation, we neglected
the magnetic anisotropy term H�, which only contributes at
temperatures below T�D.

Since the parameters are obtained on a rather small sys-
tem of N=12 spins �due to the limitation set by the spin
size�, we also show the convergence of the calculated �0�T�
for various clusters of size N=m�n �Fig. 1�c��. The FTLM
lines, shown in Fig. 2�b�, exhibit a rapid convergence for a
fixed m and a varying n and a slower convergence, in an
alternating odd and even manner, for a fixed n and a varying
m. Although the thermodynamic limit is not perfectly
reached for N=6�2, we can estimate the finite-size error of
the calculated susceptibility by comparing the optimal pa-
rameters on all 12-site clusters. The error is below 5% for all
T�TN.

The above-evaluated exchange parameters reveal that the
intrachain exchange is dominant in �-NaMnO2. In the case
of the isostructural �-LiMnO2, recent local-spin-density ap-
proximation calculations predicted that the intrachain ex-
change should be about three times stronger than the inter-
chain exchange and that the interlayer coupling is
significantly weaker.26 These predictions are in good agree-
ment with our results for the �-NaMnO2.

The exchange coupling constants deduced from our nu-
merical analysis correspond to the high-temperature mono-
clinic phase. The crystal structure undergoes a triclinic dis-
tortion below the Néel-ordering transition.9 As a result, one
of the interchain Mn-Mn distances is lengthened and the
other is shortened. These changes are marginal, i.e., of the
order of 0.1%; therefore, the magnetic exchange constants
should not change drastically at the structural phase transi-
tion. It is important to note though that the triclinic distortion
lifts the frustration of the interchain coupling J2 and thus
helps in stabilizing the long-range magnetic order, as pointed
out by Giot et al.9 We foresee that magnetic anisotropy can
be another key factor because it sets a magnetic easy-axis
direction and thus stabilizes 3D magnetic ordering. It is
evaluated from the present ESR results in the following para-
graphs.

The recorded ESR spectra can be assigned to Mn3+ mag-
netic moments in the high-spin S=2 state. For instance, simi-
lar enhanced ESR linewidths were observed in
La1−xSrxMnO3, where it was shown that both Mn3+ and Mn4+

moments contributed to the observed ESR signal.27 The ESR
response of the 4+ valence state is commonly observed, as
the Mn4+ ion features an orbital singlet in an octahedral crys-
tal field. The spin-lattice relaxation rate and magnetic aniso-
tropy are therefore much lower than those for Mn3+ ion,
where an orbital doublet is present.25 The Mn3+ ESR contri-
bution can, however, be observable if the local environment
is Jahn-Teller distorted. Such tetragonal distortion of the
crystal field, which suppresses the orbital degeneracy of the
Mn3+ ions, is present in the investigated compound, as the
octahedra are significantly elongated.9 The observed small g
shift �away from g0� indicates that the strength of the spin-
orbit coupling is small compared to the energy separation of
the orbital ground state to other orbital states. As a result, the
admixture of the excited states in the orbital ground state,
induced by the spin-orbit coupling, is marginal.

∆

FIG. 6. �Color online� �a� The room-temperature frequency de-
pendence of the linewidth and �b� the frequency-field dependence,
determining the g factor g=1.993.

FIG. 5. �Color online� The room-temperature derivative ESR
spectrum of �-NaMnO2 measured at �a� 9.40 GHz and �b�
211.2 GHz. The solid lines are Lorentzian fits �Eq. �3��.
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The temperature dependence of the ESR linewidth reflects
the evolution of the spin correlations in the investigated sys-
tem. In order to present this clearly, it is convenient to plot
the dependence of 	H�T versus T, which is constant when
static spin correlations are negligible.28 The temperature evo-
lution of 	H�T shows a plateaulike behavior down to 260 K
and a pronounced increase below this temperature �Fig. 7�.
This experimental finding is likely to be related to short-
range, static spin correlations, developing below the plateau
region. Recent neutron diffraction experiments support this
picture. Namely, diffusive peaks, emerging as a consequence
of 2D antiferromagnetic correlations, are present in the pow-
der diffraction patterns at least up to 200 K.9

On the other hand, the constant high-temperature value,
	H�T=7.0�103 emu K /mol, allows one to evaluate the
infinite-temperature linewidth, where �T becomes equal to
the Curie constant C=NAS�S+1�g2�B

2 /3kB. Taking g=1.993,
we calculate the limiting value of the linewidth 	H


=0.23 T. Using Eq. �7�, the value of 	H
 and the exchange
constants J1 /kB=65 K and J2 /kB=29 allow an estimate of
the single-ion anisotropy, 
D
 /kB=4.1 K.

Single-ion anisotropy of the order of a few Kelvin was
also numerically calculated for Mn3+ ions in low symmetry
environments.29 We expect that any additional term of the
magnetic anisotropy in �-NaMnO2 should be much smaller
than the single-ion anisotropy. The magnitude of the latter is
of the order of D�	ga�, and therefore much larger than the
symmetric anisotropic exchange, which is of the order of
�	g /g�2J /kB�6 mK. This is because the anisotropy of the g
shift 	ga is in general comparable to the shift 	g=g−g0
itself, so that 	ga
 �	g /g�2. On the other hand, the spin-
orbit coupling should remain larger than the exchange cou-
pling, even if it is considerably reduced from its free-ion
value � /kB=505 K.31 Lastly, dipolar interactions are also in
the subkelvin range in the investigated system. All these con-
firm our initial assumption of the anisotropy Hamiltonian in
Eq. �2�.

The above procedure does not allow one to determine the
sign of the single-ion anisotropy, since the linewidth is given
by the square of this parameter. However, the sign can be
argued by considering the perturbation effect of the spin-
orbit coupling on the fivefold spin degenerate orbital ground
state of the Mn3+ ion in the tetragonally elongated ligand

environment. Such environment yields a negative single-ion
anisotropy constant.30 This conceptional argument corre-
sponds well to the experimental results. Namely, the mag-
netic moments order in the direction of the Jahn-Teller dis-
torted octahedra in the long-range magnetically ordered
phase,9 which proves the presence of a magnetic easy axis
rather than a magnetic easy plane.

The temperature evolution of the spin correlations, re-
flected in the broadening of the ESR spectra with decreasing
temperatures, was simulated numerically by FTLM �Eqs.
�4�–�6��. Having the size of the single-ion anisotropy
�
D
 /kB=4.1 K� fixed by the high-temperature ESR linewidth
limit and the exchange parameters �J1 /kB=65 K, J2 /kB
=29 K� determined from the susceptibility fit, we are left
with no free parameters in the calculation of 	H�T�. The
agreement with the experimental values is shown in Fig. 4.32

The discrepancy between the theory and the experiment is
below 25% at all temperatures. As all the parameters are
fixed, this quantitative agreement supports further the rel-
evance of the proposed Hamiltonian and the validity of the
extracted physical quantities.

Despite the onset of the long-range magnetic order,
�-NaMnO2 can still be regarded as a system featuring strong
frustration effects. According to the notation introduced by
Ramirez,33 highly frustrated lattices are characterized by an
empirical factor f = 
�CW
 /Tc, with values in excess of 10,
where �CW represents the Curie-Weiss temperature and Tc a
critical temperature corresponding to cooperative magnetic
ordering or spin freezing. As our mean-field result yields
�CW=−�2J1+4J2�S�S+1� /3kB=−490 K, with Tc=TN=45 K
from neutron diffraction,9 the investigated compound ap-
pears to be strongly frustrated �f =11�. Such a high degree of
geometric frustration may point to the importance of quan-
tum fluctuations in the cooperative paramagnetic regime,
Tc�T� 
�CW
, of the given spin-2 system. We confirm this
in Fig. 2�b� by comparing the optimal �0�T�, calculated by
FTLM on 6�2 site cluster, with the one simulated with the
same parameters on 16�16 site cluster using a classical
Monte Carlo �MC� approach.34 Having in mind that both
calculations are close to their thermodynamic limit, a large
discrepancy between the curves is observed below room tem-
perature. We wish to stress that the MC calculations cannot
satisfactorily explain the downturn of the experimental sus-
ceptibility, even when optimizing the parameters for this par-
ticular calculations. From the discrepancy between the clas-
sical and the quantum approach, we envisage that spin
fluctuations, enhanced by strong geometrical frustration, are
important even up to room temperature and, hence, a
quantum-mechanical description is necessary.

These findings appeal to further experimental studies of
the �-NaMnO2 spin system as well as to thorough theoretical
investigation of the 2D triangular spin lattice with sizable
magnetic anisotropy and higher and/or integer spin values.
The former is known to suppress spin fluctuations and inte-
ger spins have recently been shown to significantly weaken
the frustration effects in nn Heisenberg kagomé lattices.35

VI. CONCLUSIONS

In summary, our magnetization and ESR data allow us to
evaluate the major contributions to the spin Hamiltonian of

∆

FIG. 7. The temperature dependence of the ESR linewidth �at
9.40 GHz� multiplied by the susceptibility and temperature.
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the layered �-NaMnO2 compound. Its Jahn-Teller distorted
structure is stable at least up to 600 K and assigns the corre-
sponding spin-2 system on a 2D spatially anisotropic trian-
gular Heisenberg lattice �J1 /kB=65 K, J2 /J1=0.44�, with
significant easy-axis magnetic anisotropy. This anisotropy of
single-ion type, D /kB=−4.1 K, suppresses the spin fluctua-
tions and assists in stabilizing the 3D long-range magnetic
order below TN=45 K. The ESR results suggest that the sys-

tem displays static spin correlations almost up to room tem-
perature.
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