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We investigate the magnetic field dependence of the spin-Peierls transition in NaV2O5 in the field range
16–30 T. The transition temperature exhibits a very weak variation with the field, suggesting an unusual
mechanism for the formation of the spin-Peierls state. We argue that a charge ordering transition accompanied
by singlet formation is consistent with our observations.
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The Peierls instability takes place in one-dimensional s
tems and can give rise to complex and fascinating behav
In itinerant electronic systems the instability is driven by t
coupling of electrons to the phonons of the lattice.1 Any
coupling atT50 leads to the formation of the Peierls sta
which is characterized by charge ordering~gap in the elec-
tronic spectrum! and a finite lattice distortion. Similar phe
nomena occur in purely insulating spin systems, wh
the spin-phonon coupling is responsible for the format
of a singlet ground state with neighboring spins pairw
bound into singlets.2 The spin-Peierls ground state shows
characteristic gap in the excitation spectrum and has b
observed in a variety of organic compounds, such
(TTF)@CuS4C4(CF3)4#.2 At high temperatures these mate
als behave as noninteracting Heisenberg chains, while be
the transition temperature,Tc , the magnetic exchange ac
quires an alternating component. In 1993 the first inorga
spin-Peierls compound CuGeO3 was discovered3 with Tc
'14 K. This material, like its organic predecessors, show
characteristic 1D Heisenberg~Bonner-Fisher!-like magneti-
zation at highT with a sharp drop atTc , indicating a non-
magnetic ground state. Very recently, a second inorga
compound, NaV2O5 was shown to behave as a spin-Peie
material withTc'34 K.4 The properties of NaV2O5, how-
ever, have proven to be quite controversial, thus stimula
the research reported in this paper.
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Magnetic susceptibility measurements of NaV2O5 indi-
cate a transition to a nonmagnetic phase atTc .4,5 This can be
understood within the framework of a spin-phonon coupli
driven transition on a Heisenberg chain.2 The antiferromag-
netic exchange,J, was estimated to beJ'560 K. The low-
temperature structure which is assumed in this interpreta
of the data, is that of magnetic chains formed by the spin
V41 ions along the crystallineb axis, separated by spinles
V51 chains. This scenario implies a lattice distortion in o
direction only. However, recent experiments have shown
the above picture is not satisfactory. X-ray diffraction me
surements indicated that the system should be viewed
quarter-filled ladder made of V4.51 chains,6,7 meaning that a
spin of 1/2 is not attached to a single V ion, but rather to
rung of the ladder, i.e., a V-O-V orbital. Subsequent NM
~Ref. 8! analysis revealed that belowTc , two inequivalent
types of V sites, V41 and V51, appear, suggesting tha
charge ordering occurs in the spin-Peierls phase. Charge
proportionation leaves room for period doubling in more th
one crystallographic direction, consistent with addition
x-ray9,10 and NMR ~Ref. 11! studies. These works sugge
that lattice distortion takes place in the (a,b) plane~whereb
is the direction along the chains anda is perpendicular to the
chains!. A number of theoretical studies12–17have addressed
the possibility of charge ordering in 1/4 filled systems, whe
R13 321 ©2000 The American Physical Society
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both electron-lattice and electron-electron interactions are
cluded. The most probable scenario at present seems t
the ‘‘zigzag’’ order proposed in Ref. 12 where the char
density~i.e., the sites V4.56d with deviationd from the aver-
age valence! is distributed in a zigzag fashion along the la
der direction. As emphasized in Ref. 12, the Coulomb rep
sion in combination with the electron-lattice interaction c
drive such a transition, while the formation of a spin sing
ground state ‘‘follows’’ the charge order. Charge modulati
is consistent with the analysis of the observed magnetic
citation spectra,18 Raman spectra,19 as well as the anomalie
in the thermal conductivity20 and the dielectric constant21 at
Tc .

The present work attempts to gain further insight into
nature of the spin-Peierls transition in NaV2O5 by addressing
the magnetic field dependence of the transition tempera
in very high fields. Previous studies in fields up to 5.5 T5

have found behavior consistent with the theoretical pred
tions and similar to the previously known spin-Peie
compounds.2 However, subsequent measurements in hig
fields, up to 14 T~Ref. 22! and 16 T,23 have found much
weaker field dependence. These experiments were based
determination of Tc from the changes in the elast
constants22 and the specific heat,23 unlike the measurement i
Ref. 5 which determinedTc from the drop in the magnetiza
tion.

In this work we have measured the magnetization of t
NaV2O5 single crystals in magnetic fields from 16 to 30
The crystals were grown by high temperature solut
growth from a vanadate mixture flux. The masses of
samples investigated were 1.9 and 3.1 mg, respectively,
they had irregular parallelepiped shapes with smooth, fac
faces. The single crystals were characterized with an En
Nonius CAD4 single crystal diffractometer using Mo radi
tion. The results of the structure refinement were the sam
reported earlier in Ref. 7. Magnetization was measured u
a standard metal foil cantilever beam magnetometer.
‘‘T’’ shaped flexible cantilever beam was made from a 7.
mm thick heat treated MP35N alloy. The dimensions of t
‘‘T’’ were approximately 8 mm on a side. The gap betwe
the ‘‘T’’ and the parallel fixed reference electrode was a
proximately 800mm. The sample was mounted using a sm
amount of vacuum grease. In the presence of a dc magn
field the interaction of the magnetic moment of the sam
with the field results in a force and/or torque, deflecting
beam and changing the capacitance between electrode
capacitance bridge was used to monitor the changes in f
~magnetization! for temperature sweeps in fixed field. Sin
MP35N is magnetic~typically 13.5 memu/g at 78 K!, the
same bare cantilever was measured under the identical
ditions ~sweep direction and sweep rate! as the cantilever
1sample combination to provide a background referen
The temperature dependence of the cantilever capacit
was compensated for in the same way. A room tempera
measurement of the cantilever’s sensitivity showed tha
force of 3 nN could be resolved.

Cantilever displacement can arise from either a torque
a force on a sample with a magnetic moment. When
sample is at field center, where the field gradient is zero, t
torque (}m3B) will dominate. Strictly speaking, if the
sample is isotropic and there are no shape factors, then t
n-
be

l-

t

x-

e

re

-

r

n a

o

n
e
nd
ed
f-

as
g
e

e

-
ll
tic
e
e
. A
ce

n-

e.
ce
re
a

r
e
n

ere

is no torque on the cantilever for fields applied along t
direction of displacement~perpendicular to the sample!.
On the other hand, when the sample is raised~or lowered!
away from field center, the force term (F5m dB/dz
}xB dB/dz) will usually dominate, although torques ca
still be present. Figure 1 shows temperature sweeps take
the 1.9 mg sample at the three indicated fields in the lege
The cantilever was located in a position where the field g
dient was maximum. The maximum field at this position~24
T! is 80% of the field center maximum~30 T!. The change in
capacitance,DC, which is proportional to the change i
magnetization, is calculated at each field by subtracting
background trace~cantilever alone! from the sample trace
~sample1cantilever!. This quantity is divided byB2 and
plotted as the ordinate in Fig. 1. As seen from the figure,
data scale reasonably well for the three different fields, c
firming the B2 dependence expected from both torque a
force contributions. To accentuate the small shift in the tr
sition temperature, we plot in the inset the derivative
DC/B2 with respect to the temperature. From the position
the peaks we can determine the field-dependent trans
temperature.

To measureTc at the maximum field of 30 T, the sampl
was placed at field center~sensitive to the torque only! and
the data collected and analyzed as described above. A sim
scaling withB2 was observed. Figure 2 shows the derivati
of DC with respect to temperature at field center. Plotted
this way, the shift inTc can be clearly seen. Data similar t
those plotted in Figs. 1 and 2 were obtained for a sec
sample with mass 3.1 mg, and for reversed fields. In all ca
the shifts inTc were equal to or less than the shifts shown
Fig. 2. In Fig. 2~inset! we also show the results of magn
tization measurements at low fields using a commer
SQUID magnetometer~MPMS7!. The singlet formation at
Tc is clearly observable, but no shift ofTc can be observed
within measurement accuracy in fields up to 5 T, in agr
ment with previous work.4

FIG. 1. Change in capacitance measured with a cantilever b
magnetometer off field center for a NaV2O5 single crystal inB
516, 20, and 24 T.DC is proportional to the magnetization of th
sample and has been normalized by the square of the magnetic
The inset shows the derivative of the scaled, background subtra
data with respect to temperature.Tc is determined from the position
of the peaks.
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In Fig. 3 we present our high field data for the variation
Tc in terms ofDTc /Tc(0)5Tc(H)/Tc(0)21 and the square
of the scaled magnetic fieldh5gmBH/2kTc(0).24 This scal-
ing is expected in spin-Peierls systems, and for small fie
h!1, the relative variation ofTc should be quadratic:2

DTc /Tc~0!52ah2. ~1!

The data of Fig. 2 follow this dependence quite well, and
estimateaexp'0.072(8). ThevalueTc(0) was not measured
directly but was estimated from an extrapolation to zero fi
of the quadratic dependence ofTc vs H to beTc(0)534.2 K.
This value is close to published values and to theTc(0)
measured by us using SQUID magnetometer measurem
of the magnetization of a 40 mg polycrystalline sample. T
combination of our high field data and the lower field data

FIG. 2. Derivative of the unscaled capacitance readings~propor-
tional to magnetization! with respect to temperature for the samp
shown in Fig. 1 located at field center. Inset shows low field SQU
magnetization measurements.

FIG. 3. Relative variation ofTc as a function of the scaled
magnetic fieldh5gmBH/2kTc(0) ~see text!. The circles are our
data ~numbers represent the values of the field in Tesla!, and the
squares are data from Ref. 23, based on measurements of the
cific heat jump at the transition.
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previous measurements gives the variation ofTc over a large
range of magnetic field and shows a very weak depende
In contrast, the ‘‘conventional’’ inorganic spin-Peierls com
pound CuGeO3 exhibits a much stronger field dependen
with a50.39,25 in good agreement with the theory. The th
oretical values ofaSP predicted for the spin-Peierls transitio
are aSP50.44 or 0.36, depending on the way interacti
effects are taken into account.2 The first, larger number cor
responds to the Hartree approximation for the interacti
between the Jordan-Wigner fermions, representing the lo
ized spins.26 The value 0.36 is obtained by exact treatment
the correlation effects,27 which is possible in the Luttinge
liquid framework in one dimension.28 In both cases the char
acteristic scalingH/Tc(0) which appears in Eq.~1! is due to
the commensurate nature of the dimerized phase. For l
fields, corresponding to a reduction ofTc by a factor of
Tc /Tc(0)50.77, a transition into an incommensurate pha
is expected to take place.27 Such a transition is less sensitiv
to magnetic field and has been observed in a variety of s
Peierls materials.2,25 In NaV2O5, however, a transition into
such a modulated phase does not seem to take place,
even in the highest field~30 T!, Tc(30 T)/Tc(0)50.97,
which is very far from the expected incommensurate bou
ary. Notice that even in a field as high as 30 T the sca
ratio h50.59 is quite small due to the largeTc(0).

We now discuss the possible sources for the differe
between the measured valueaexp and the theoretically pre
dicted oneaSP50.36'5aexp for spin-Peierls systems. In
addition to this discrepancy, any theory of NaV2O5 should
also be able to explain the large value of the ra
2D/Tc(0)'6 @D'100 K ~Ref. 8! being the spin gap#, where
a mean-field value of 3.52 might be expected.

As discussed in the introduction, a transition into a cha
ordered state in a 1/4-filled system is consistent with a nu
ber of recent experiments. Although it is not clear wheth
the charge density wave~CDW! precedes or forms simulta
neously with the magnetically dimerized spin-Peierls state
seems certain that the physics of charge ordering mus
taken into account. Recent numerical work has shown16,17

that CDW and spin-Peierls order can coexist in quasi-o
dimensional 1/4-filled electronic systems. If we assume t
the CDW formation is the driving force behind the openi
of a spin gap, as argued in Ref. 12, then the ‘‘charge’’ par
the transition will be mainly responsible for theTc(H) de-
pendence. In a system of noninteracting electrons, unde
ing a Peierls transition into a~commensurate! CDW state,
the decrease ofTc for small magnetic field~coupled to the
electron spin via a Zeeman term! is also described by Eq.~1!,
but with aCDW50.21.29

Two effects, orbital coupling and electron-electron inte
actions, could further modify this result. Orbital effects a
known to be present when nesting is imperfect, and gener
compete with the Pauli terms, producing a flatter depende
of Tc on H, i.e., a further reduction ofaCDW .30 However,
spin-orbit interactions lead to anisotropic variation ofTc
with respect to the magnetic field direction. In NaV2O5, this
variation has been found to be extremely weak,4,5,22,23which
is also confirmed in this work, and consequently the orb
effects can be ruled out as a source of the weakTc(H) de-
pendence. On the other hand, electron-electron interac
effects do not reflect anisotropies and are important in
pe-
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formation and stabilization of a CDW state.12,16 In general,
the stability of the CDW depends on the strength of
electron-phonon coupling~which drives the transition! and
on the on-site and nearest-neighbor Coulomb correlation16

To demonstrate this latter point concerning strong co
lation effects, we consider the simplified model of a Hubba
chain with an on-site repulsionU. We treat the phonons adia
batically, as in Ref. 29, but take into account the electr
electron interaction following Ref. 28, i.e., calculate the p
larization bubble exactly for the Luttinger liquid. In this cas
it is known thatTc(H50) increases with respect to its valu
at U50.31 For finite magnetic field we find, atU;2t ~where
t is the bandwidth!, that the coefficienta drops toaCDW
'0.15, i.e., below the noninteraction value of 0.21. This
not surprising and in fact is quite similar to the differen
between the mean-field and the exact treatment in the s
Peierls case (aSP50.44, 0.36, respectively!. The essence o
the effect is in the different type of divergence in the pol
ization bubble with and without interactions. While in th
free case the polarization diverges logarithmically at sm
frequencies, in a Luttinger liquid the stronger, power la
dependence sets in,28 and the Peierls instability is effectivel
enhanced. Thus the interaction effects, being naturally m
important for the CDW formation~compared to the spin
Peierls case!, can produce a weakerTc(H) dependence. A
more realistic calculation based on a Hamiltonian appro
ate for NaV2O5 would be very desirable.

The orbital and interaction effects discussed above
strictly speaking, valid only for an isolated chain. It w
assumed that interchain interactions are sufficiently stron
suppress the fluctuation effects, typically important in on
,
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dimensional systems.32 The fluctuations are known to reduc
Tc(0) below the mean-field value and cause a specific h
jump at the transitionDcP several times the mean-field on
The large observed ratioD/Tc(0) ~twice the mean-field!, in
combination with aDcP about ten times the mean-fiel
value33 suggest that fluctuations indeed could be importan
NaV2O5. At the same time, one should have in mind th
due to the specific structure of NaV2O5, transverse interchain
interactions are expected to play a crucial role in the stab
zation of the ordered phase, in particular the formation of
spin gap and doubling of the period in the (a,b) plane.9,11

The vanadium displacements are nearly absent along the
der direction (b axis!, and largest perpendicular to the ladd
direction both along thea and c axis.10 Thus it is not clear
whether fluctuation effects have to be necessarily invoked
explain the largeD/Tc(0) ratio in this material as is tradi
tionally done, or whether the largeD/Tc(0) ratio is inti-
mately related to the anomalously weak variation ofTc with
field reported in this work.
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