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We present detailed electron-spin resonance investigations on single crystals of the one-dimensional
vanadium-oxide bronze B — Na;;3V,0s. From the angular dependence of the g value it can be
concluded that the electrons are primarily located on the V1 zigzag chains. The anisotropy of the
linewidth, which is determined by the intrachain symmetric anisotropic exchange interaction, favors
statistic electron distribution in the metallic and blockwise charge-order in the insulating phase. The
temperature dependence of the linewidth indicates the opening of a charge gap at the metal-to-insulator

transition at Ty = 132 K.
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The recent discovery of a metal-to-insulator transition
(MIT) [1] and of superconductivity under high pressure
[2] in B — Na;/3V,0s renewed the interest in this one-
dimensional (1D) compound. A series of investigations
started to clarify the origin of the MIT, which can be only
observed in stoichiometric samples. Already small devi-
ations of the Na concentration x = 1/3 inhibit the exis-
tence of the metallic phase and lead to semiconducting
behavior [1]. The monoclinic crystal structure (C2/m,
space group 12) of B — Na;/3V,0s is highly anisotropic.
Three inequivalent vanadium sites (V1, V2, V3) build
three kinds of chains along the crystallographic b direc-
tion [3,4] as illustrated in Fig. 1: The V1 sites form zigzag
chains of edge-sharing VOg octahedra, the V2 sites build
two-leg ladders of corner-sharing VOg octahedra, and the
V3 sites lie on zigzag chains of edge-sharing VOs square
pyramids. Within this V,05 framework the Na sites are
located in tunnels along the b direction. Each Na atom
donates one electron to the empty vanadium d bands and
consequently the ratio of V4" (3d': S = 1/2) to V3t 3d’:
§=20)is 1:5. In B — Na;/3V,05 only one of the two
closely spaced Na sites of the unit cell is occupied reveal-
ing a zigzag chain within each tunnel. These chains
develop a long-range order below 230 K leading to a
doubling of the unit cell along the b axis [5]. Two further
phase transitions occur at lower temperatures:
Antiferromagnetic long-range order at Ty = 24 K[1,6]
and the MIT at T\;; = 132 K [1] accompanied by an addi-
tional tripling of the b axis [7]. The ordered state at low
temperatures is a canted antiferromagnet with the spon-
taneous magnetization along the b axis [8,9].

The nature of the MIT in 8 — Na, ;3V,05 has not been
clarified yet. Both the conduction mechanism and the
charge distribution are heavily under debate. According
to NMR measurements the electrons can occupy all three
vanadium sites above Ty [6,9] revealing a rather ionic
state of V3 with respect to mixed valent V1 and V2 sites
responsible for the metallic behavior. Recent optical in-
vestigations revealed a strong electron-phonon coupling,
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PACS numbers: 71.30.+h, 72.80.Ga, 73.90.+f, 76.30.—v

which supports the picture that the charge carriersin 8 —
Na;3V,0s should be regarded as small polarons [10].
Photoemission spectroscopy suggests that the electrons
occupy either the V2 ladder, the V1 zigzag chain, or both
simultaneously [11]. Below Ty the insulating state is a
charge-ordered phase and different charge-order (CO)
scenarios were proposed: NMR Knight shift and mag-
netic properties indicate the condensation of the electrons
on V1 or V2 sites [6,9]. Theoretical calculations predicted
a linear chain of electrons on V1 sites [12], while in
contrast x-ray diffraction provided evidence of a block-
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FIG. 1 (color online). Crystal structure of 8 — Na;;3V,0s
and plot of V1 zigzag chain and V2 ladder. Black spheres
denote electronically occupied V sites (3d') as derived from
our ESR results. Stars indicate positions at b/2 above the ac
plane.
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wise occupation of V2 sites due to changes of the V2-O
distances resulting in a 6b periodicity [7]. These contra-
dictory conclusions call for further experiments on 8 —
Na,; ;3V,0s to answer the open questions about the origin
of the MIT and the CO pattern.

Electron-spin resonance (ESR) is ideally suited for the
investigation of the magnetic properties of vanadium
systems, since the V4 jons with electron configuration
3d' can be used as a microscopic probe of the spin system.
A number of ESR investigations in 8 — Na;/;3V,0s have
been performed already about 20 years ago [13-16], but
they did not reveal the signature of the MIT probably due
to slight deviations from the ideal stoichiometry [1]. In
contrast, we found a pronounced anomaly in the tempera-
ture dependence of the resonance linewidth near 132 K,
which encouraged us to perform a detailed reinvestigation
of the ESR in B — Na,/3V,0s single crystals of high
quality. Sample preparation as well as susceptibility and
resistivity measurements are presented in Ref. [5].

The ESR measurements were performed at a Bruker
ELEXSYS ES500-CW spectrometer equipped with
continuous-flow He cryostats (Oxford Instruments) at X
band (9.4 GHz) and Q band (34 GHz) frequencies in the
temperature range 4.2-300 K. A needlelike S —
Na,/3V,0s single crystal was oriented by means of
single-crystal x-ray diffraction and then was fixed in a
quartz tube with paraffin in selected orientations.

For all temperatures 7 = Ty and orientations of the
sample in the external magnetic field H the ESR spectra
of B — Na;/3V,0s consist of a single resonance line of
Lorentzian shape. Resonance field H,. and linewidth AH
(half width at half maximum) have been determined by
numerical fits to the spectra, as described, e.g., in
Ref. [17]. Because of the antiferromagnetic ordering the
signal shifts out of the available frequency range for
temperatures below 24 K. A detailed description of the
antiferromagnetic resonance can be found in Ref. [8].

The temperature-dependent behavior of AH and g was
examined with the external magnetic field applied along
the three crystallographic axes and along a*, which is the
direction perpendicular to the bc plane. The investiga-
tions at X-band and Q-band frequencies revealed identical
results. Figure 2 presents the experimental data. There are
three different temperature regimes: (i) Below 30 K the
resonance line broadens and shifts to lower fields on
approaching the magnetic transition at 24 K and vanishes
for T < Ty. (ii) Between 30 K and 132 K the linewidth
increases monotonously with increasing temperature. It
reveals an inflection point near 100 K, and an exponential
increase towards Ty for all orientations of the sample
simultaneously with the conductivity, which is also plot-
ted in Fig. 2. The g values are constant in this temperature
range for H || b and H || a. For H || ¢ it decreases slowly,
for H || a* it increases slightly. (iii) At the MIT at 132 K
the linewidth exhibits a distinct kink for all orientations
and approaches constant values on further increasing the
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FIG. 2. Temperature dependence of ESR linewidth AH
(Inset: reduced contribution AH, compared to b-axis conduc-
tivity as Arrhenius plot) and g value of a B8 — Na;/;3V,0s
single-crystal at Q-band frequency with the external magnetic
field parallel to different crystallographic axes.

temperature. The g values are nearly unaffected by the
phase transition and remain almost constant in the high
temperature regime.

To characterize the metallic and the insulating phase
we performed a detailed investigation of the orientation
dependence far below and far above the MIT. Figure 3
shows the angular dependence of the linewidth and the g
factor for three perpendicular crystallographic planes,
namely, the a*b, ac, and bc planes, at 50 and 200 K.
Already at first sight it is evident that the anisotropy is
modified only weakly by the phase transition. This in-
dicates a strong relation between the electron occupation
of the insulating and the metallic phase.

To simulate the angular variation of the g value the
following local coordinate system was found to be appro-
priate: The local z axis is approximately parallel to the
V1-04 direction or V2-O6 direction, respectively, (see
Fig. 1), the local y axis is aligned parallel to the crystallo-
graphic b axis, and the local x axis perpendicular to y and
z. The experimental data at both temperatures were ap-
proximated by varying the molecular g values (see Table I
and solid lines in Fig. 3). The obtained values slightly
below the free electronic value g = 2 are typical for V4*
in distorted octahedral coordination [18]. The strongest
shift is expected for the magnetic field applied parallel to
the directions of the dominant uniaxial distortion.
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FIG. 3. Angular dependence of ESR linewidth AH and g
value of a B — Na,;/3V,05 single-crystal at 200 K and 50 K
(X band). Solid lines: simulations (see text).

Definite conclusions about the electron distribution in
B —Na,3V,05 can be drawn considering the crystal
structure: The shortest V1-O distance in the V1 octahe-
dron is V1-O4, the shortest V2-O distance in the V2
octahedron is V2-06. These directions indicate the
main axis of distortion for the two sites. The strongest g
shift is expected for the site, which primarily is occupied.
The angle between these two directions is about 90°.
Hence, if half of the electrons occupy the V1 sites and
half of the electrons the V2 sites, rotation in the ac plane
reveals a constant g value. However, since one observes a
pronounced anisotropy in the ac plane and g, is the
smallest molecular g value, the electrons occupy primar-
ily the V1 sites. Consequently, according to these results
more than 50% of the electrons are located on V1 sites
above as well as below the MIT. The distinct anisotropy
in the ac plane at low temperatures indicates that nearly
all electrons occupy the V1 sites in agreement with [15].
With increasing temperature the observed anisotropy is
strongly reduced as is also clearly visible in the tempera-
ture dependence of the g values plotted in Fig. 2. This
suggests that in the metallic phase the electrons are more
delocalized and can also occupy the V2 sites to a minor
degree.

Further evidence on the distribution of charge can be
derived from the anisotropy of the linewidth. The satura-
tion of AH above Ty indicates the dominance of spin-
spin relaxation in the metallic phase. In case of strong
exchange narrowing AH = hiM,/(gugwe) is deter-

TABLE . Relative diagonal anisotropic exchange-tensor
components using the normalization J}i + J}i + J1I = 0 deter-
mined from fits on the angular dependence of AH. J!! and J'?
are equivalent with other local coordinate systems.

TR/ T
?_ﬁ ﬁ 5_% ﬁ 8xx gyy 82z

50K —-0.59 -041 057 -—-157 1969 1978 1.922

200K —-2/3 —1/3 075 —175 1950 1974 1924
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mined by the angular-dependent second moments M,,
caused by the anisotropic spin-spin interactions, and the
exchange frequency wq, = J/hi [19]. An estimation of the
linewidth due to dipole-dipole, hyperfine, and anisotropic
exchange (AE) interaction following [20] yields smaller
values than experimentally observed. However, like in
LiCuVO, [17] the ring-shaped exchange geometry might
enhance the AE accordingly (Jag = 0.01J). The similar
anisotropy above and below the MIT implies that the
same interaction is responsible for the line broadening
in the insulating phase. For calculating the particular
second moments M,(J"/) of the AE interactions J¥ de-
pendent on the orientation of the external magnetic field
we used the procedure specified in Refs. [17,21]. For both
temperatures the data can be described considering ex-
clusively the three possible exchange pathways within the
V1 zigzag chain illustrated in Fig. 1. The principal axes of
the corresponding AE tensors were chosen considering
the bond geometry according to Ref. [22]: One principal
axis (x) is aligned along the straight connection of
nearest-neighboring V1 sites. The second axis (y) has to
be chosen perpendicular to the plane spanned by the V
ions and the connecting O ligands. The third axis (z) is
perpendicular to both of them. The interchain interaction
was neglected. The contributions of the single exchange
interactions to the total second moment have to be
weighted depending on the respective phase:

Since the electrons in the metallic phase are randomly
distributed in the V1 zigzag chain the second moments
resulting of the three particular contributions have to be
averaged statistically as

My(J}g) + My(J3%) + 2M5(J )
2 )

Myt = ()
The solid lines in the upper left panel of Fig. 3 were
obtained using the relative diagonal exchange-tensor
components listed in Table I. The minor amount of elec-
trons on the V2 sites was neglected.

Considering the available number of electrons and the
variation of the V2-O1-V2 distance with every six rungs
of the V2 ladder below the MIT [7] we assumed the
following scenario for the insulating phase: As suggested
in Fig. 1 by black spheres six consecutive sites of the V1
zigzag chain are occupied by electrons. So we have 5
times the interactions J'! and J'? and 8 times the inter-
action J' due to the average of the two possible existing
configurations:

SMy(JYg) + SMy(J35) + 8M5(J %)
12

My = 2)
The results are given in Table I and Fig. 3. Note that it is
not possible to describe the anisotropy considering solely
the linear interaction J'3, i. e., the anisotropy of the ESR
linewidth contradicts a linear formation of electrons on
the V1 sites. However, our six pack scenario is only a
suggestion, because there might exist further electron
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configurations compatible with the experimental results.
In particular the formation of a charge-density wave with
a sixfold periodicity may be a reasonable pattern.

In canonical spin chains with the line broadening
dominated by the symmetric AE the linewidth increases
monotonously at low temperatures approaching a satura-
tion at high temperatures [23]. In the case of B —
Na,; 3V,05 the one dimensionality might be questioned
due to the lack of the characteristic maximum in the
susceptibility expected for a spin chain with J/kg =
120 K. Nevertheless, the overall behavior resembles
such a temperature law. Remarkably, the temperature
dependence deviates from this canonical behavior near
the MIT, where the AE is altered due to the delocalization
of the electrons already below the phase transition indi-
cated by the simultaneous increase of the conductivity o
Between 100 < T < 132 K the latter can be described by
an exponential expression ~ exp[ —A(T)/kgT] containing
a temperature-dependent gap A(T) = 1.74Ay(1 — 7)*°.
This yields Ay = 475 K and the respective line in Fig. 2.
Note that the gap value of 600 K in Ref. [5] has been
determined for T < 90 K, whereas here we evaluated the
same data set with respect to the behavior near Ty.

To approximate the temperature-dependent linewidth
below the MIT a second term has to be added due to the
increase at lower temperatures. In other 1D antiferromag-
nets as, e. g., CuGeOs, it has been possible to describe the
canonical behavior empirically by an exponential func-
tion AH ~ exp[—2C,/kg(T + C,)], where C; = J and C,
is of the order of the ground-state transition temperature
[21]. Since this expression gives the appropriate behavior,
the data below 90 K were at first fitted exclusively with
this chain contribution yielding C; =50 =5 Kand C, =
12 = 5 K within the given error for different orientations.
C, is only about half of the expected value but this should
not be over interpreted regarding the complex CO phase.
Then, subtracting the extrapolated fit curve from the data
using the average values and plotting the result AH,,
together with the conductivity in Arrhenius representa-
tion reveals a convincing coincidence of both quantities
near the MIT (see inset of Fig. 2). The fit of the sum of
both contributions with the gap value obtained from o is
shown as solid lines in the main frame of Fig. 2. Thus, the
ESR linewidth successfully probes the opening of the
charge gap at the MIT. The ratio 2Aq/kgTyy = 7.2 is
enhanced with respect to the mean-field value of 3.52
due to the dominance of fluctuations in one dimension
[24]. This result immediately implies the possibility of a
charge-density wave formation. However, the susceptibil-
ity does not show the concomitant formation of a spin gap
at Tyy. This suggests the presence of a strong Coulomb
onsite interaction, which may result in spin-charge sepa-
ration for a partially occupied 1D chain.

In conclusion, using ESR techniques we have investi-
gated the angular and temperature dependence of line-
width and g value on B — Na,;/;3V,0s5 single crystals.
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Important information can be derived: (i) The anisotropy
of the g value yields a preferential occupation of the V1
sites both above and below Tyy. (ii) The temperature
dependence of the g value allows for a minor occupation
of the V2 sites, which reduces strongly below Ty.
(iii) From the anisotropy of the linewidth a linear CO
pattern can be definitely excluded. Taking into account
the sixfold lattice periodicity along b we suggest that in
the insulating state the charges occupy six consecutive V1
sites within the V1 zigzag chain. (iv) The temperature
dependence of the linewidth clearly indicates the opening
of a charge gap in excellent agreement with conductivity
measurements.
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