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Using X-band electron spin resonance �ESR� spectroscopy down to 4.2 K, we report on the low-temperature
magnetic behavior of �-Na1.286V2O5, a system with a spin gap. We particularly find that the ESR linewidth of
this compound shows an unusual temperature dependence, rich in features. Addressing the problem via the
memory function formalism, we propose an explanation for this, whereby we suggest that this unconventional
low-temperature behavior is related to the way in which the magnetic susceptibility and the memory function
depend on temperature, rather than to a specific magnetic origin.
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The electron spin resonance �ESR� technique, owing to its
high sensitivity and resolution, has proven to be a very pow-
erful tool for studying the magnetic interactions in many
low-dimensional systems which are of interest at present,
such as, for instance, vanadates and cuprates �see, e.g., Refs.
1–4 and references cited therein�. In particular, the linewidth
of the ESR spectra provides important information concern-
ing the spin dynamics within the system. However, and in
the case of spin-1

2 Heisenberg antiferromagnets �AFM� in
particular, the lack of a proper ESR theory has for a long
time hindered the interpretation of many experimental stud-
ies. The main reason for this is the difficulty in calculating
what is generally called the self energy or the memory func-
tion which appears in the expression of the ESR linewidth.5–7

Recently, Oshikawa and Affleck,8 using the field theory ap-
proach, have performed an extensive theoretical study of the
electron spin resonance in S= 1

2 antiferromagnetic chains.
However, their study did not cover the case of spin-gap sys-
tems.

Our work in this report focuses, through an ESR study of
the spin-gap system �-Na1.286V2O5, on determining the tem-
perature dependence of the memory function experimentally,
in order to provide an interpretation for the behavior of the
linewidth which, in this compound, shows a particularly un-
usual temperature dependence. Our analysis leads us to the
conclusion that the unconventional behavior of the linewidth
in this system does not represent peculiar variations in spin
dynamics, but simply results from the way in which the mag-
netic susceptibility and the memory function depend on tem-
perature.

The vanadium oxide bronze �-Na1.286V2O5, which can
also be denoted by the stoichiometric formula Na9V14O35,
crystallizes in the monoclinic system �space group P2/c�
with a structure built up of layers of VO5 square pyramids
sharing edges and corners, and having their apical oxygen
pointing up and down alternately.9,10 These pyramids form
double strings in the �100� direction, which are separated, in
the �001� direction, by VO4 tetrahedra. A particular aspect of
these double strings, however, is that they show a stair-like

shape with a step every ten VO5 square pyramids. The Na
atoms are distributed between the layers. At room tempera-
ture, the two vanadium ions lying at the extremities of the
ten-pyramid segment �i.e., those which ensure the link with
the neighboring segments� are in the V4.5+ state, whereas the
remaining eight vanadium ions of each segment are in the
V4+ state.9,10 Hence each segment contains nine spins 1

2 . On
the other hand, the magnetic susceptibility of this
compound10 shows, as mentioned above, a spin gap behavior
which, at first sight, is incompatible with the case of a system
containing an odd number of spins. A tentative explanation
for the origin of the spin gap was then given by Whangbo
and Koo,11 who proposed, using a spin dimer analysis, that
the V10O30 chains of this compound are topologically
equivalent to a fused chain of 10-node rings. This interpre-
tation, however, remains hard to reconcile with the fact that
each magnetic unit contains, as mentioned above, nine spins
1
2 . Very recently, low-temperature structural measurements12

have revealed the existence, around 100 K, of a structural
second-order phase transition in this compound, associated
with a concomitant charge ordering. The low-temperature
structure remains centrosymmetric with space group P2/c
but with a doubled b lattice parameter in comparison with
that at high temperature, and the two vanadium sites which
host V4.5+ ions at room temperature become stabilized as one
V4+ and one V5+ at low temperature. The dimerization along
the b axis observed below 100 K means that each magnetic
unit contains, at low temperature, 2�9 spins 1

2 . The origin of
the spin gap can hence be related to the formation of this
superstructure below 100 K in the system. Preliminary
X-band electron-spin resonance �ESR� and complementary
magnetic susceptibility data, which we reported recently,12

give additional evidence for the transition around 100 K and
confirm the existence of the spin gap, which we have esti-
mated to be of the order of 35 K.

Concerning the study which we are reporting here, single
crystals of �-Na1.286V2O5 were prepared following the same
procedure as described in Ref. 12, and studied by ESR spec-
troscopy using a Bruker EMX spectrometer operating in the
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X-band ��=9.635 GHz�. The static magnetic field, H, was
applied in both directions, parallel and perpendicular to the
plane containing the double strings and to which we shall
refer as the �x ,z� plane of the structure, following the nota-
tion of Ref. 12.

The obtained room-temperature g-factor values, g�

=1.973 and g�=1.931, are typical of V4+ ions in a fivefold
pyramidal environment �see, e.g., Refs. 13 and 14�.

Figure 1 shows the temperature dependence of the mag-
netic susceptibility of a typical sample of �-Na1.286V2O5, as
deduced from the ESR spectra. Data obtained for H perpen-
dicular �triangles� and H parallel �circles� to the �x ,z� plane
are shown. The close similarity between the two curves in-
dicates that the magnetic interactions may be regarded as
nearly isotropic. The temperature dependence of the spin
susceptibility shown in Fig. 1 is similar to that measured by
SQUID magnetometry and which we reported in Ref. 12: in
particular, we note the small kink just above 100 K associ-
ated with the occurrence of the second-order phase transition
mentioned above, as well as the decrease towards zero below
this temperature indicating the presence of the spin gap �the
low-temperature increase below 7 K is attributed to impuri-
ties, as we explained in Ref. 12�.

The temperature dependence of the ESR linewidth, �H1/2
�half width at half-maximum�, is shown in Fig. 2, for both
field directions, H perpendicular �filled circles� and H paral-
lel �open circles� to the �x ,z� plane. We may clearly see in
this figure that, although the linewidth is anisotropic, its tem-
perature dependence is almost independent of the field direc-
tion �apart from the 80 K peak which appears in the case
where H is perpendicular to the �x ,z� plane and on which we
shall comment below�. If we closely examine the tempera-
ture behavior of this linewidth, we may distinguish four dif-
ferent regimes.

�i� For temperatures T�230 K, a slow increase of the
linewidth is noted with increasing T, as generally expected at
these temperatures where the linewidth gently increases be-
fore reaching saturation at higher temperatures owing to the
disappearance of the magnetic correlations.

�ii� In the temperature range 30 K�T�230 K, the line-
width shows a peak at around 80 K when H is perpendicular

to the �x ,z� plane, while this peak is suppressed when H is
parallel to the �x ,z� plane. Furthermore, in both field direc-
tions, a kink appears at around 100 K in the curves. We
attribute this behavior to the magnetic correlations accompa-
nying the second-order phase transition reported in Ref. 12
and which we mentioned above. The discrepancy between
the two curves as regards the presence or the absence of the
80 K peak would then be directly related to the fact that the
phase transition consists basically of a dimerization along the
y direction of the structure.

�iii� For 17 K�T�30 K, a rapid increase of the line-
width is observed with decreasing temperature. Such a rapid
increase may usually be regarded as the manifestation of
critical antiferromagnetic fluctuations.15–17 In that case, the
temperature dependence of the linewidth follows a power
law, the critical exponent of which being related to the di-
mensionality of the system. We have tried to fit �H1/2 to such
a law in the corresponding temperature range, but no such
dependence could unambiguously be obtained. The explana-
tion for the behavior of �H1/2 in this regime remains thus
unclear at this stage but will be clarified below.

�iv� For T�16 K, a very rapid decrease of the linewidth
is noted as the temperature decreases. Such a decrease of the
linewidth at low temperatures has already been observed by
Taniguchi et al.18 in their study of the quasi-two-dimensional
�2D� spin-gap system CaV4O9, but no clear interpretation of
this was then given. In fact, this type of behavior is quite
different from what is generally observed at low temperature
in other spin-gap systems such as, for instance, 	�-NaV2O5

or CuGeO3 �see, e.g., Refs. 1–3�, in both of which the line-
width presents a minimum at low temperature. We believe
that the type of behavior which we observe here in the case
of �-Na1.286V2O5, albeit rare, is what would normally be
expected in a system with a spin gap.

For a more quantitative discussion of the dynamic spin-
spin correlations, one has to consider the memory function.
Indeed, the ESR linewidth in the exchange-narrowing regime
may be expressed as7,19

FIG. 1. Temperature dependence of the susceptibility of �-
Na1.286V2O5 as deduced from the ESR spectra. Triangles and circles
correspond to data obtained for H perpendicular and H parallel to
the �x ,z� plane, respectively.

FIG. 2. Temperature dependence of the ESR linewidth, �H1/2,
of �-Na1.286V2O5. Filled and open circles correspond to data ob-
tained for H perpendicular and H parallel to the �x ,z� plane,
respectively.
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�H =

�
−�

+�

F���d�

8
2�Mx
2�

, �1�

where 
 is the gyromagnetic ratio, �H is the full linewidth
and Mx is the total x component of magnetization. The nu-
merator of expression �1�, which we shall call F, is a sum of
four-spin correlation functions called the memory function.
Generally, F is difficult to calculate but, in the case where


�H � �0, �2�

�where �0 is the resonance angular frequency�, F can be
approximated by19

�
−�

+�

F���d� � F = �0 · �H · coth

�0

2kBT
, �3�

where �0 is the area under the absorption curve and hence
represents the static susceptibility. In our case, condition �2�
is satisfied since 
�H is an order of magnitude smaller than
�0. Therefore, the memory function, F, becomes here a mea-
surable quantity, proportional to the product that appears in
the second part of expression �3�. In the case where 
�0
�kBT �which is satisfied here�, this product can be further
approximated to

F � �0 · �H · T . �4�

Let us now turn to the linewidth temperature behavior. As
it follows from the above formula, �H�T� is proportional to
the memory function, F�T�, divided by �0�T� ·T. This means
that for a system where the static susceptibility is finite at
low temperature, �H�T� simply reproduces the ratio F�T� /T.
�For example, in the case of a S= 1

2 AFM Heisenberg chain,
F�T�	T2 and �H�T� scales as T �Refs. 8, 20�.� In the case of
gapped systems, the behavior of �H�T� is more complicated.
Here one would expect that both static and dynamic correla-
tion functions, due to the depopulation of the excited states
as the temperature is lowered, will have a tendency to rapidly
decrease. Then the linewidth is essentially a ratio of two
dropping-to-zero functions, thus resulting in nonmonotonic
behavior �singularities� of �H�T�. This is just the case of
�-Na1.286V2O5.

We have plotted in Fig. 3, not only the temperature de-
pendence of F �which appears in the inset�, but also the
temperature dependence of the ratio F /T �main frame of Fig.
3�, using the data corresponding to the case where H is par-
allel to the �x ,z� plane. The �0 data used for this plot are the
susceptibility data of Fig. 1, corrected by the subtraction of
the impurity part, as we have described in Ref. 12. The rea-
son for considering the ratio F /T in Fig. 3 is that the tem-

perature dependence of this ratio provides much more detail
than that of F itself, since the multiplication of �0�H by T
smears out any eventual features in the curve, particularly at
low temperature.

The F /T curve plotted in Fig. 3 shows a broad maximum
around 100 K, followed by a rapid decrease towards zero
which starts around 17–18 K. Note that �0�T�, presented in
Fig. 1, decreases in this temperature interval much more
slowly. Therefore, we conclude that the sharp increase in
�H�T� �regime iii� is due to the decrease of �0�T� between
60 and 17 K, and that the following decrease of �H�T� be-
low 16 K �regime iv� arises mainly from the fall of F /T.
Hence the low-T peak in the linewidth �Fig. 2� simply results
from the nonsimultaneous decrease towards zero of F /T and
�0.

It should now be interesting to check, in the case of other
spin-gap systems such as 	�-NaV2O5 or CuGeO3 which we
mentioned above, if the minimum observed at low tempera-
ture in the ESR linewidth of these compounds is in fact of
magnetic origin or not.

In conclusion, the treatment of the spin dynamics via the
memory function formalism has allowed us, by experimen-
tally determining the temperature dependence of the memory
function, to provide an explanation for the low-temperature
behavior of the ESR linewidth of �-Na1.286V2O5. We suggest
that the various features observed at low T in the temperature
dependence of the linewidth of this compound are simply
related to the way in which the magnetic susceptibility and
the memory function depend on temperature, rather than to a
specific magnetic origin. Such a treatment should pave the
way to check the case of many other systems.

FIG. 3. Temperature dependence of the quantity F /T, where F is
given by the second part of expression �3�, for H parallel to the
�x ,z� plane of the structure of �-Na1.286V2O5. Inset: the temperature
dependence of F.
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