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Specific heat ofa8-NaV2O5 at its spin-Peierls transition
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~Received 17 April 1998!

We have measured the specific heats of small~'1 mg! crystalline flakes ofa8-NaV2O5. A large sharp peak
is observed at its~33 K! spin-Peierls transition. The size of the peak (DcP'R) is more than an order of
magnitude greater than the value estimated from mean-field theory, consistent with large fluctuations expected
from its one-dimensional magnetic structure. However, the peak is somewhat sample dependent and does not
have the symmetry aboutTc expected for either Gaussian or critical fluctuations, suggesting either that the
samples are near a multicritical point or that there is some heterogeneous broadening, in which case we are
underestimating the true size of the anomaly. The low-temperature behavior is consistent with a Debye tem-
perature between 345 and 414 K, depending on the size of magnetic contributions to the specific heat.
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Because of quantum spin fluctuations, a crystal contain
isolated chains of antiferromagnetically coupled (S5 1

2 )
spins, with spin HamiltonianHspin5J(Si•Si 11(J.0), can-
not magnetically order. Coupling to phonons, however,
lows the spins to form singlets by dimerizing along t
chains, resulting in a nonmagnetic ground state. While s
‘‘spin-Peierls’’ transitions have been of continuing intere
for over two decades, all known spin-Peierls materials p
to 1993 were quasi-one-dimensional organic materials,
because of difficult sample morphologies and reactiviti
experimental investigations were limited.1

Therefore, the discovery in 1993 of aTc514 K spin-
Peierls transition in CuGeO3,

2 of which large, robust crystals
could be prepared, led to a huge number of measurem
over the past five years.3 A number of properties of CuGeO3
which differed from theoretical expectations for the sp
Peierls state have been attributed to the existence of sub
tial interchain3,4 and next-nearest-neighbor5,6 spin interac-
tions. Indeed, the measured spin excitation gap4 Egap/kB
524 K'1.76Tc ~its mean-field value!,1 and the specific hea
anomaly at Tc is also very close to mean field i
magnitude,7,8 suggesting that interchain interactions are s
ficient to suppress the expected large one-dimensional
tuations.

In 1996, Isobe and Ueda reported thata8-NaV2O5 also
has magnetic behavior consistent with a spin-Pei
transition.9 Above Tc'34 K, the magnetic susceptibility i
well described by the Bonner-Fisher behavior10 characteristic
of chains of antiferromagnetically coupled spins, w
nearest-neighbor exchange interactionJ/kB5560 K andneg-
ligible interchain interactions.6,9,11 The susceptibility drops
rapidly at Tc , although there remains a significant Va
Vleck contribution at low temperature.9,11 The low-
temperature spin excitation gap has been measured wit
elastic neutron scattering;12 Egap/kB5114 K53.4Tc , i.e.,
twice the mean-field value, so that fluctuation effects w
presumably be much larger than in CuGeO3.

In this paper we report on the specific heat of seve
PRB 580163-1829/98/58~6!/2937~4!/$15.00
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crystalline samples ofa8-NaV2O5. We observe large peaks
more than an order of magnitude larger than a mean-fi
estimate, atTc . In fact, the observed sample dependence
the low-temperature specific heat may indicate that our
served anomalies are heterogeneously broadened, so th
trinsic anomalies may be even sharper and larger.

a8-NaV2O5 has an orthorhombic unit cell.13 The structure
consists of pairs of edge-sharing chains of VO5 pyramids,
running alongb, separated by chains of sodium ions. In
tially, it was thought that the sizes of the two edge-shar
pyramids differed,13 so that one chain contained (S
50)V51 ions and the other (S5 1

2 )V41 ions, thus giving one
spin per formula unit.9 More recent structural determination
suggest that the two chains may be identical,14 so that all
vanadium ions have a formal valence of14.5. The single
spin would then be delocalized along V-O-V rungs of la
ders, running alongb ~again giving one spin per formula
unit!.14

The samples ofa8-NaV2O5 used in our study were syn
thesized as follows. NaVO3 was first prepared by heating
stoichiometric mixture of Na2CO3 ~99.997% Alfa! and V2O5
~99.995% Alfa! at 580 °C for 48 h in air. A stoichiometric
mixture of Na2VO3, V ~99.5% Alfa!, and V2O5 was pressed
into a pellet and heated at 640 °C in an evacuated quartz
for 48 h. This yielded a coarse powder~typical crystalline
mass<1 mg! of a8-NaV2O5. Larger, flake-shaped sample
~'1 mg, with a typical thickness of 50mm!, that appeared to
consist of several intergrown crystals, were prepared by m
ing this powder with NaVO3 flux ~in 1:4 mass ratio! and
placing it in an alumina crucible, which was sealed in
evacuated quartz tube and heated at 750 °C for 2 h, t
cooled to 700 °C at a rate of 5 °C/h, cooled at 1 °C/h
580 °C and 10 °C/h to room temperature.

Both the original powder and the products of the fl
growth were characterized by powder x-ray diffraction a
temperature-dependent magnetic susceptibility. The diffr
tion patterns of both agree well with the published results13
R2937 © 1998 The American Physical Society
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with no indication of the presence of other polytypes or m
terials. The magnetic susceptibility of the powder is simi
to that of slightly sodium deficient material~NayV2O5, with
0.98,y,0.99);11 i.e., the susceptibility aboveTc is '10%
larger than that fory51.00 material, the Curie tail is consis
tent with a defect spin concentration'1%, and the transition
is broad and suppressed~Tc varying between 26 and 30 K fo
different sample growths!. For the flux-grown samples, whil
the magnetic susceptibility, shown in the inset to Fig. 1,
dicates a sharp transition at 33.4 K, consistent withy
'1.00, the Curie tail still suggests a defect concentration
'1%, andx(T.Tc) is 16% larger than the Isobe and Ue
value,11 indicating the extreme sensitivity of the susceptib
ity to defects.

The heat capacity was measured for four flux-gro
samples, with masses varying from 0.5 to 1.3 mg and th
nesses varying from 40 to 100mm, using ac calorimetry.7,15

The sample was heated with light chopped at a frequencv,
and the oscillating temperatureDT(v) was measured with a
fine thermocouple glued to the sample. Fort2!1/v!t1 ,
wheret1 and t2 are the external and internal thermal tim
constants of the sample,DT(v)}1/C, the total heat capacity
of the sample and its~known! addenda. The low-temperatur
heat capacities of all four samples were too small to t
quantitative data below 13 K with this technique.

Since the optical power absorbed by the samples is c
stant but not determined, the absolute value of the spe
heat (cP) was determined by normalizing15 the data of
sample No. 2, which had the best high temperature t
constants, to the specific heat of a pellet~prepared from the
coarse powder!, which was measured with differential sca
ning calorimetry~with an accuracy of'2%!.16 The agree-
ment between the ac calorimetry and differential scann
calorimetry results are shown in Fig. 1, in which we p
cP /R, where R5gas constant58.314 J K21/mol ~formula
unit!. The specific heat of the other three samples were n
malized to that of No. 2 at 50 K, also as indicated in Fig
for sample No. 1.

The low-temperature specific heats of all four sampl

FIG. 1. Specific heat vs temperature ofa8-NaV2O5 measured by
differential scanning calorimetry~open circles! and ac calorimetry
~solid curve: sample #1; dotted curve: sample #2!, spanning the
temperature range 13 K,T,300 K. Inset: Temperature depen
dence of magnetic susceptibility of a collection of randomly o
ented flux-grown samples~total mass521 mg, field51 T).
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plotted ascP /RT vs T, are shown in Fig. 2. The specifi
heats of all samples are similar aboveTc , and all exhibit
well-defined peaks at temperatures varying between 33.1
33.4 K. As shown below~see Fig. 4!, the peaks for sample
1, 2, and 3 are very similar, especially on their low
temperature sides, but the peak for No. 4 is significan
broadened. BelowTc , the measured specific heats of all fo
samples differ; while sample No. 1 hascP;T3 below 30 K,
the other three samples exhibit a broad hump incP /T near
25 K. While the significance of this hump is not understoo
we note that its associated entropy is quite large; for
ample, the difference in the molar entropies of samples N
and No. 1, given by*30 K@cP(4)2cp(1)#dT/T'0.2R, com-
parable to the entropy in the peak at the transition, so i
unlikely that these humps are simply due to entropy be
shifted from the peak to lower temperature due to sam
inhomogeneity.

Because it has the smallest low-temperature specific h
as well as time constants most strongly in thet2!1/v
!t1 , limits, we chose to analyze the results for sample N
1. In Fig. 3, we compared its molar specific heat with that
CuGeO3;

7 the specific heat is plotted ascP /RT vs T2, with
both axes scaled byTc to facilitate direct comparison. While
there are qualitative similarities, there are important qua
tative differences. The peak (DcP) at the transition is much
sharper and more symmetric ina8-NaV2O5, whereas the
peak in CuGeO3 is more ‘‘mean field’’ in shape. In the
mean-field theory for a spin-Peierls transition withonly an
intrachain, nearest-neighbor exchange interactionJ,
DcP(MF)/R50.92kBTc /J.1 While this expression canno
be directly applied to CuGeO3, due to the non-negligible
interchain and next-nearest-neighbor interactions, from
peak in the susceptibility one would estimate an effect
Jeff /kB'88 K,2 so DcP(MF)/R'0.15, close to the averag
of the values observed by several investigator8

DcP(ave)/R50.2160.10. That the transition in CuGeO3 is
mean field is consistent with the measured gap value,4 men-
tioned above. Similarly, the specific heat anomalies in
ganic spin-Peierls materials are also quite close to th

FIG. 2. Low-temperature specific heat, plotted ascP /RT, vs
temperature for four samples ofa8-NaV2O5 measured by ac calo
rimetry; for clarity, successive curves are vertically offset
0.015 K21 and less than half the data points for each sample
plotted. The solid curves for sample Nos. 1–3 are the polynom
backgrounds used to analyze critical behavior in Fig. 4.
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mean-field estimates.17 In contrast, the mean-field estima
of the specific heat anomaly ina8-NaV2O5, with11 J/kB
5560 K, is DcP(MF)/R'0.055, while the measure
anomaly isDcP /R51.0. Because of the large measured s
gap, we expected to find thatDcP.DcP(MF), but the order
of magnitude difference in their values was very surprisi
For example, in charge-density-wave Peierls transitions
quasi-one-dimensional conductors, one typically obser
DcP /DcP(MF)'3.18 The large value ofDcP /DcP(MF)
for a8-NaV2O5 suggests that critical behavior might be o
served.

To investigate possible critical behavior, it is necessary
determine the baseline behavior of the specific heat. Bec
the transition temperature is relatively high, the baseline
havior could not be determined theoretically. Therefore,
sample Nos. 1–3, the measured specific heats away
the transition, 20.5 K,T,25.5 K and 38 K,T,44 K, were
fit to third-order polynomials, shown in Fig. 2, to determin
the approximate backgrounds nearTc . In Fig. 4 are
plotted log10(DcP) vs log10utu, where t[T/Tc21, DcP[cP
2cP(background), andTc is taken as the peak temperatur
Because of the arbitrariness of the backgrounds, the p
may not be significant for smallDcP @e.g., log10(DcP /R),
21.5]. Figure 4 reveals the following:

~i! The anomalies for the three samples are remarka
alike belowTc but only qualitatively similar aboveTc .

~ii ! The spin-Peierls transition should belong to the thr
dimensional ~3D!-Ising class,18 with critical exponent
a ISING'0.11. From the Ginzburg criterion, the samp
should be in the critical region for utu
!@R/pVjDcP(MF)#2/32, whereVj is the coherence vol
ume~normalized to the volume of a formula unit!.19,20Figure
4 suggests that we may be approaching critical behavio
utu,1022, giving Vj.10. However, the lack of symmetr
between positive and negativet, while much less than for
CuGeO3, makes interpretation in terms of critical behavi
difficult.

~iii ! While Vj.10 is not unreasonable, we also expect
be entering the critical region as the specific heat anom

FIG. 3. Specific heats ofa8-NaV2O5 ~sample No. 1, open
circles! and CuGeO3 ~Ref. 7, closed circles, offset by 0.001 K22),
plotted as (cP /RT)/Tc vs (T/Tc)

2. ~Less than half the data point
are plotted for clarity.! The solid curve through thea8-NaV2O5 data
shows the fit to Eq.~1!; the dashed line shows the phonon (b1T3)
contribution of this fit.
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becomes slightly larger than its mean-field value,19,20 e.g.,
DcP /R.0.1. At this value, the observed slopesa(t)
[2d log10(DcP)/d log10utu.1.2@a ISING.

~iv! For 0.01,2t,0.1, a(t)' 1
2 , suggesting that we are

dominated by~3D! Gaussian fluctuations. However, in th
case,20 we also expecta(t)5 1

2 for t.0 and DcP(t
.0)/DcP(t,0)5A2, neither of which is observed.

Hence, we conclude that we are observing neither crit
nor Gaussian fluctuations in our measurements. The t
perature and sample dependence ofa suggests that we ma
be near a multicritical point,19 which may occur if states
other than the spin-Peierls are favored by interchain inte
tions or the presence of defects. However, despite the la
size of the specific heat anomaly, we also cannot rule out
possibility that the shapes of the observed anomalies are
intrinsic, but are due to sample inhomogeneities. Such
suggested not only by the sample dependence observe
T.Tc , but the different behaviors exhibited forT,30 K. In
this case, the intrinsic anomaly would be evenlarger and
sharperthan those we observed.

Finally, we discuss the temperature dependence ofcP for
T!Tc for sample No. 1. An upper limit to the Debye tem
perature can be found by assuming that in addition to
phononT3 term, there is a contribution from spin excitation
with a constantgapEgap:

cP /R5b1T31z~Egap/kBT!2 exp~2Egap/kBT!. ~1!

As shown in Fig. 3, we fitcP for T,22 K to this expression,
fixing Egap/kB5114 K, the triplet excitation gap observe
with neutron scattering,12 and varyingb1 and z. For one
triplet excitation per spin dimer, we expectz5 3

2 . The best fit
gavez50.95 andb152.531025 K23, and hence a Debye
temperature~per atom! of U15414 K. However, this should
be considered an upper limit to the Debye temperature,
cause the contribution of spin excitations to the specific h
is greatly reduced if one considers dispersion of the trip
band. One expects the width of the triplet band to
W'J; for a cosine band, the magnetic term in Eq.~1! is
reduced by a factor of order (kBT/W)1/2'0.2. Indeed, the
low-temperature specific heat for sample No. 1 can be

FIG. 4. Logarithmic plot of DcP /R vs uT/Tc21u for
a8-NaV2O5 sample Nos. 1–3, whereDcP is the measured specifi
heat minus the background shown in Fig. 1.~Less than half the data
points are shown for clarity.! The line with slope52

1
2 , appropriate

for three-dimensional Gaussian fluctuations, is shown for refere
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well by phonons alone:cP /R5b0T3, with b054.5
31025 K23, giving a lower limit to the Debye temperatur
of U05345 K.

In conclusion, we have measured the specific heat o
few crystalline samples ofa8-NaV2O5. Analysis of the low-
temperature specific heat indicates that 345 K,U,414 K. A
surprisingly large anomaly, almost twenty times its mea
field estimate and indicating the existence of large fluct
tion effects, is observed at itsTc533 K spin-Peierls transi-
tion. However, we could not extract critical exponents fro
our data.

Note added.Implicit in our analysis of thecP anomaly is
that the transition is continuous, as theoretically expect1

and observed1,7,8,17 for all previous spin-Peierls transitions
Köppenet al.,21 however, have recently reported thermal e
pansion~a! data indicating that there may be first-order ch
acter to the transition ina8-NaV2O5. In particular, in the
sample examined, they observed two anomalies ina, sepa-
rated by only 0.3 K, the upper one of which appears to
volve discontinuities in lattice constants. If the presence
V

hy

.

a

-
-

d

-
-

-
f

two transitions depends on sodium concentration, this m
account for the multicritical behavior we suggest abo
However, it is also possible that the large anomalies we
serve are due to latent heat, spread out over a finite temp
ture interval due to inhomogeneities~e.g., in sodium concen
tration! in the samples.15 Since the volume change reporte
in Ref. 21 is small (DV/V'531026, principally alonga,
i.e., the ladder-rung direction!, the pressure dependence
the transition temperature, estimated from the Claus
Clapeyron equation, would need to be small (dTc /dp'
10.1 K/kbar) to account for all the transition entrop
(DS'R/10) we observe. We also note that Ko¨ppenet al.21

measured the specific heat of their crystal, and observe
anomaly similar in shape to ours, although their specific h
is 20 to 60% larger than ours at all temperatures.
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21M. Köppenet al., Phys. Rev. B57, 8466~1998!.


