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Mixed valency and charge ordering ina8-NaV2O5
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We report 51V NMR measurements ina8-NaV2O5, which has been considered as a spin-Peierls~SP!
system. Above the transition temperatureTC , only one set of V sites was observed in the NMR spectra,
indicating that all the V sites are in a uniform electronic state with the average oxidation of V4.51. Below TC ,
there appear two inequivalent sets of V sites assigned to V41 and V51 states. This result indicates that the
phase transition ina8-NaV2O5 is not a conventional SP transition but a charge ordering. BelowTC , 1/T1 at the
V41 sites has an activatedT dependence, confirming a spin-singlet ground state with the excitation gap
;108 K. @S0163-1829~99!11705-3#
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A spin-Peierls~SP! transition is an example of fascinatin
phenomena observed in quantum spin systems. The dis
ery of the SP transition in an inorganic system CuGeO3 ~Ref.
1! has renewed interest in this phenomenon. Recently, the
transition in a8-NaV2O5 was strongly suggested by ma
netic susceptibility measurements.2 A previous structural
study of this compound at room temperature3 reported that
there are two inequivalent sets of V sites assigned
V41@(3d)1# and V51@(3d)0#, respectively. Each set of V
sites has an environment of a corner-sharing VO5 pyramid,
and the V41 sites with oned electron carrying a spin 1/2
form linear chains along theb axis well separated by V51

chains. Actually, above the transition temperature (TC

;34 K), the magnetic susceptibility satisfactorily fits th
numerical calculation for the spin-1/2 nearest-neigh
Heisenberg chain4 with J;560 K.2 Although a structural
phase transition was indeed observed by x-ray diffractio5

23Na NMR,6 and Raman scattering7 measurements, the ob
served superlattice reflection in the x-ray diffraction cou
not be understood as a consequence of simple dimeriza
in isolated linear chains and many other experimental ob
vations question whether this material is an ideal o
dimensional system exhibiting a conventional SP transiti
An inelastic neutron scattering measurement8 observed spin
correlation along thea axis in a period ofa/3 below TC,
implying a charge distribution different from the room tem
perature structure. Furthermore, two adjacent phase tra
tions were observed aroundTC in a thermal expansion
measurement.9 A recent crystal structure analysis, intere
ingly, indicates that there is only one set of V sites.10,11 At
present the nature of the phase transition ina8-NaV2O5 is
poorly understood.

In this article, we report51V NMR measurements with a
single-crystalline sample as well as a powder sample. Be
TC, two inequivalent sets of V sites were observed in
NMR spectra; these V sites have hyperfine couplings con
tent with V41 and V51 ions, respectively. AboveTC, only
one set of magnetic~meaning havingd electrons on site! V
sites was observed, indicating that all V sites are in a u
form electronic state with the average oxidation state
V4.51. Below TC, the nuclear spin-lattice relaxation timeT1
at the V41 sites shows an activated temperature depende
PRB 590163-1829/99/59~5!/3299~4!/$15.00
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with a spin gap of;108 K. Our results demonstrate that th
phase transition atTC in a8-NaV2O5 is a charge ordering
into an electron configuration with a spin excitation gap.

A single-crystalline sample of 140 mg~sample S! and a
polycrystalline sample~sample P! were used in this study
The single-crystal growth is described elsewhere.12 Sample P
is the magnetically aligned sample which is the same as u
in previous NMR measurements.6,13 The alignment direction
is such that the alignment field (Hal) is distributed in theab
plane and is mainly along theb axis.

Figure 1 shows spin-echo spectra belowTC measured at
20 K with sample P. Singularities in the spectra for the e
ternal fieldHiHal ~a! andH'Hal with rf pulse separationt
of 130 ms ~b! are assigned to a set of V sites~site A! with
nuclear quadrupolar frequencynQ;0.40 MHz and quadru-
polar asymmetry parameterh;0.48. Thex, y, andz axes are
taken as the principal axes of the electrical field gradi
tensorVab so as to giveuVyyu<uVxxu<uVzzu. In the spectrum
for H'Hal with t of 13 ms ~c!, a spin-echo signal assigne

FIG. 1. NMR spectra on sample P measured at 20 K:~a! HiHal ,
~b! H'Hal with t of 130 ms, and~c! H'Hal with t of 13 ms.
Singularities assigned to site A are shown by arrows. Hatched a
are assigned to site B.
3299 ©1999 The American Physical Society
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to another set of V sites~site B! was clearly observed. Site B
hasnQ;0.71 MHz and a spin-echo decay rate much sho
than site A.

To understand the origin of these two sets of V sites
low TC, we examined the evolution of the spectrum w
temperature using a single-crystalline sample. Spin-e
spectra forHia and c were measured at several resonan
frequencies between 41 and 122 MHz with sample S.
intrinsic frequency dependence was observed. In compar
of the spectra on samples S and P taken at the same
nance frequency, it was found that thea and c axes are
indistinguishable from thex andz axes, respectively. Above
TC, they axis is identical to theb axis since theac plane is
a mirror plane. Thus we can reasonably neglect the dif
ence between the principal axes ofVab and the crystalline
axes both above and belowTC.

Spin-echo spectra forHic measured at 41.7 MHz ar
shown in Fig. 2. In the spectrum at 20 K belowTC, two sets
of V sites are definitely assigned. AboveTC, by contrast, we
could observe neither spin-echo nor free-induction de
other than signals assigned to a set of V sites, which sites
magnetic as revealed by a NMR shift measurement.13 Since
nonmagnetic V51 sites, in general, have a much longer sp
echo decay rate than magnetic V sites, there is no reason
the NMR signal from the V51 sites cannot be observed
a8-NaV2O5. It is thus concluded that only magnetic V site
exist aboveTC, contrary to an electron configuration wit
equal numbers of V41 and V51 sites, believed so far. Ou
observation of only one set of magnetic V sites cannot r
out the existence of another set of magnetic sites which
invisible in the NMR spectrum. As we will show later, how
ever, this situation is unlikely. Thus the V sites are in t
average oxidation state of V4.51.

The temperature dependence of the spectra near the
field third satellite line is shown in Fig. 3. The satellite lin
observed at high temperatures disappears below 33.4
while a pair of satellite lines, which correspond to sites
and B, appears below about 34.0 K. These high- and l
temperature lines coexist in this narrow temperature rang
sample P. Since the disappearance of the high-tempera
line is steep, we believe that this complicated behavior of

FIG. 2. NMR spectra forHic on sample S.
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phase transition is not due to the distribution ofTC but in-
trinsic.

We measured the NMR shift forHia and c between 10
and 300 K with sample S. The result aboveTC agrees with
the previous measurement with sample P.13 The temperature
dependence of the shift below 100 K is shown in Fig. 4. T
shifts for Hib at site A measured with sample P are al
shown. The difference in the shifts between sites A and B
significant. At magnetic sites in spin-gapped systems,
residual shift at low temperatures,K res, is usually of orbital
origin. At site B,K res;0.10% and 0.27% along thea andc
axes, respectively, are similar to the orbital shift at the V41

sites in CaV2O5 ~Ref. 14! and CaV4O9 ~Ref. 15!, which
compounds have a similar VO5 structure toa8-NaV2O5.
However,K res at site A seems significantly smaller than
site B, suggesting that the fraction ofd electrons at site A is
small.

The NMR shifts are plotted against the anisotropic ma
netic susceptibility12 in Fig. 5. Notice that the formula uni

FIG. 3. Temperature dependence of the NMR spectrum forHic
aroundTC on sample S. Third satellite lines are shown by arrow

FIG. 4. Temperature dependence of the NMR shift forHia and
c on sample S and forHib at site A on sample P is shown: ope
symbols for site A and solid symbols for site B belowTC .
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contains two V atoms. The slants of thisK-x plot give the
spin part of the hyperfine coupling; the deduced couplin
are given in Table I, where the coupling is defined as
hyperfine field for a magnetic moment of 1mB perd electron.
There is a clear contrast between sites A and B also in
hyperfine coupling. The spin hyperfine coupling, in gene
has contributions from the isotropic core-polarization and
isotropic spin dipolar parts.16 The isotropic partAiso at V41

sites is often of the order of;2100 kOe/mB @for example,
285 kOe/mB in VO2 ~Ref. 17! and 2113 kOe/mB in
CaV2O5 ~Ref. 18!#. The dipolar part for a purede orbital is
axially anisotropic. It is estimated13 asAi52(4/7)mB^r 23&
;2132 kOe/mB for H along the fourfold rotation axis of a
de orbital andA'51(2/7)mB^r 23&;166 kOe/mB for H
perpendicular to the rotation axis using the free-ion value
^r 23&,16 giving Aax[(2/3)(Ai2A');2132 kOe/mB . The
deduced coupling for site B is consistent with an estimate
V41 with the dxy orbital occupied, with Aiso;
2100 kOe/mB and Aax;284 kOe/mB . The reduction of
Aax is reasonably ascribed to the mixing of the other orb
states and the expansion of thed orbital. On the other hand
the couplings at site A are much smaller than at site B
aboveTC. These results indicate thatd electrons, which oc-
cupy all V sites equivalently aboveTC, almost localize at
site B belowTC. It is also found that thedxy character of the
d orbital aboveTC ~Ref. 13! remains at site B belowTC.
This agrees with the electron spin resonance~ESR! result of
no significant change in theg values atTC.19 This charge
ordering does not significantly modify the orbital charact
The coupling forHic at site A is significantly stronger tha
the dipolar coupling;1 kOe/mB ; this is possibly due to the
fact that a small fraction of ad electron exists at site A.

FIG. 5. NMR shifts are plotted against the magnetic susce
bilities: open symbols for site A and solid symbols for site B belo
TC . The dashed line shows the orbital hyperfine coupling for a f
V41 ion.

TABLE I. Hyperfine couplings in kOe/mB in a8-NaV2O5.

Hia Hib Hic

Below TC

Site A 25 21 234
Site B 258 2184
Above TC 230 220 a 2103

aReference 13.
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To confirm the spin-singlet ground state, we measured
temperature dependence of 1/T1 at site B with sample P, as
shown in Fig. 6. We measuredT1 at one of the third satellite
lines for Hic (;78 kOe), employing the inversion recov
ery method except nearTC. Since the measured recovery
nuclear magnetization deviates from that expected for
inversion pulse between about 25 K andTC, we employed
the comb-pulse method and determinedT1 as the longer
component in fitting the recovery by the sum of two exp
nential components in this temperature range. The dedu
1/T1 decreases rapidly with decreasing temperature, dem
strating the spin-singlet ground state with a spin gap. We
the T1 below 25 K by an activated temperature depende
1/T1}exp(2D/T) and obtained the spin gapD;108 K.
This gap agrees with that determined from the susceptibi
;98 K.6 The deviation at low temperatures from the ac
vated temperature dependence is possibly due to an imp
relaxation.

It has been pointed out13 that the residual susceptibility
x res below TC is remarkably larger than the values ofxorb
estimated from theg values and determined in theK-x plot
aboveTC. A similar disagreement betweenx res andxorb be-
low TC is found in theK-x plot for site B. If bothx res and
K res originated in the orbital susceptibility, the rati
K res/(x res2xdia) is given by the orbital hyperfine coupling
However, the observed values 48 kOe/mB for Hia and
106 kOe/mB for Hic are considerably smaller tha
461 kOe/mB estimated from the free ion value of^r 23&16

and the diamagnetic susceptibility ;27.631025

emu/mol.20 It is clear that this anomalousx res cannot origi-
nate in the spin susceptibility for the spin-singlet grou
state. Its origin is still an open question.

We return now to the possibility of the existence of oth
magnetic V sites. AboveTC, Aiso;251 kOe/mB is almost
half as large as at site B. In a rough estimate, the V sites
occupied by 0.5d electrons on average aboveTC. Since
there are 0.5d electrons per V site in the composition ofa8-
NaV2O5, this suggests the absence of other magnetic V s
If there are invisible magnetic V sites aboveTC, we fail to
observe them due to the large spin-echo decay rate gove
by a fastT1 process. We expect 1/T1 at such invisible sites to
be more than about 20 ms21 according to the limitation of

i-

e

FIG. 6. Temperature dependence ofT1 at site B on sample P
The dashed line shows an activated temperature dependence wD
of 108 K.
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our spectrometer. On the other hand, 1/T1 at the observed
sites is;1.4 ms21 for Hic ~1/T1 is the lowest for this di-
rection! between 50 and 150 K. Since there is only oned
electron in a unit cell, the unique spin degree of freed
determines 1/T1 at all the nuclear sites, and thus the hyp
fine coupling is responsible for the nuclear site depende
of 1/T1. Then the coupling at the invisible sites is at lea
about 4 times larger than the observed sites:Aiso;
2200 kOe/mB . This value is unreasonable for V sites wi
less than one d electrons. Furthermore, a previou
continuous-wave NMR measurement observed only one
of magnetic51V sites with a large negative shift between 7
and 300 K.21 These observations show the absence of o
magnetic V sites.

The result that all V sites are equivalent aboveTC means
thata8-NaV2O5 has a ladder structure along theb axis, very
similar to that of CaV2O5.22 Since its electric conductivity is
insulating23 in spite of the oxidation state of V4.51, the d
electron should localize in a small cluster and be shared
several V ions. The V ions have three types of neighborin
ions. One is the neighbors along the leg of the ladders,
another is on the neighboring ladders, forming a zigz
chain. Since electron transfer between these neighborin
ions would cause one-dimensional conduction, these V i
C
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y

d
g
V
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probably do not share ad electron. The other type of neigh
bors is on the opposite end of the rung of a ladder. Sin
electron transfer between two V ions on the rung opposite
compatible with the insulating behavior, it is most probab
that thed electron delocalizes in a dimer of two adjace
VO5 pyramids on a rung.

In summary, in the51V NMR spectrum measurement
only one set of V sites is observed aboveTC, while two
inequivalent sets of V sites which are consistently assign
to V41 and V51 states were observed belowTC. The V sites
aboveTC are in a uniform electronic state with the averag
oxidation state of V4.51. This result indicates that the phas
transition ina8-NaV2O5 is not a conventional SP transition
but a charge ordering into a geometrical configuration
charge with a spin gap. The temperature dependence ofT1 at
the V41 sites belowTC is consistent with a spin-single
ground state with a spin gap of;108 K.
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