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A huge increase of thermal conductivity is observed at the phase transition in N&¥. This
anomaly decreases and gradually disappears with Na,—,V,0s (x = 0.01, 0.02, 0.03, and 0.04).
This behavior is compared with that of pure and Zn-doped CuGeere only modest kinks in
the x(T) curves are observed at the spin-Peierls transition. The changeabf’. could be partially
attributed to the opening of an energy gapn the magnetic excitation spectrum excluding the scattering
of thermal phonons on spin fluctuations. However, the reason for a strong anomalyxi(Vtheay lie
in the different character of the phase transition in B@ywhich can have largely a structural origin,
e.g., connected with the charge ordering. [S0031-9007(98)06934-8]

PACS numbers: 75.30.Kz, 66.70. +f

Since the discovery of a spin-Peierls (SP) transition irthe presence of = 1/2 chains considered as a necessary
CuGeQ [1] and NaWOs [2], numerous experimental and condition for a SP transition. On the other hand, the two-
theoretical studies were continued to reveal the main feastep phase transition found in specific heat and thermal
tures of this phenomenon in inorganic compounds. Whileexpansion measurements [9] makes a simple SP scenario
considering that the study of CuGe@mains very active, for this transition in Na¥Os not so evident.
the main physical properties of this compound are quite The main controversy concerning the nature of the
well known by now. CuGe®belongs to the orthorhom- phase transition in NayDs arises from the uncertainty
bic space groupbmm. The structure contains magnetic of its crystal structure identification at room temperature.
chains of Cé&" (3d°,S = 1/2) ions parallel to the: axis.  The x-ray diffraction pattern of single crystals fits well
The SP transition observed Bt = 14 K is marked by an  enough with both space group®,mn and Pmmn [10—
exponential drop of the magnetic susceptibility and a si-L3]. In both cases, the layers of edge/corner-sharing
multaneous lattice dimerization along theand ¢ axes. tetragonal V@ pyramids connected in the-b plane
Because of the magnetoelastic coupling the exchange coare stacked along the axis of the structure while
stant between neighboring spins on the chain also altethe Nd™ ions are situated between these layers. In
nates and the singlet ground state in the dimerized phaske former noncentrosymmetric structure, there exists
is separated from the band of excited triplet states by aalternating chains of nonmagnetic Vions and magnetic
energy gapA of about 25 K [3,4]. V4t ones(3d',S = 1/2) aligned along the» axis (see,

In comparison with CuGeg) only a few and somewhat e.g., Fig. 1 of Ref. [2]). In the latter structure, all of
contradictory data are presently available on the specifithe V sites are crystallographically equivalent, which
features of the phase transition in the mixad*/Vv>*) results formally in a random distribution of the*¥ and
or intermediate(V43*) valence compound NaDs. A V3T ions, or in a localization of electrons on V-O-V
rapid decrease of the magnetic susceptibility below=  molecular orbitals on the rungs of the ladders running
35 K suggests the formation of a nonmagnetic spin-along theb axis (see, e.g., Fig. 1 of Ref. [13]). In such a
singlet ground state. The simultaneous formation at thisituation a one-dimensional magnetic behavior does not
temperature of a superlattice structure characteristic of aome about straightforwardly but can still be justified
SP transition was confirmed by x-ray measurements [5][13—15].
while the opening of an energy gda = 100 K) in the In order to clarify a picture of the phase transition in
magnetic excitation spectrum was observed in inelastiNaV,0s;, more experimental data are necessary. One of
neutron experiments [6]. These data, as well as the resultee few experimental techniques not yet applied to the
of NMR [7] and ESR [8] studies, are strong evidence ofstudy of SP transitions in metal oxides is the measurement
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of thermal conductivity which can provide useful informa- BT T T T T T T T
tion on the interaction of elementary excitations in these - 2 Cu _Zn GeO, caxis -
0.98 0.02 3
compounds. _ 30 =5 cuGeO,, baxis w0 06 o |
In this Letter we report on the first, to our knowledge, B 3 @€ 7

. - o5 | © CuGeO,, caxis & |
such measurements, which show a surprisingly strong 3 g

effect in Na\bOs, in comparison with the rather weak
anomaly observed in CuGeg0O A possible interpretation 20 = & N
of this effect is considered below, and it is concluded that

K (W / m K)

the nature of the phase transition in N& may be more 15 |
complicated than previously assumed. 10 |-
Single crystals of CuGefand Cy.93Zny .GeO;, were n
grown in Paris University by a floating zone method 5
[16]. Single crystals of stoichiometric Na®@s were =
grown in Tokyo University by the self-flux method [17]. o
Single crystals of nonstoichiometric NaV,0s (x = 0 5 100 15 20 25 30
0.01, 0.02, 0.03, and 0.04) were prepared by heating a T (K)

small crystal of stoichiometric NaXDs embedded in @ Fig 1. Temperature dependences of thermal conductivity in
large quantity of Na ,V,0s powder in an evacuated pure and Zn-doped CuGeO

silica tube ab50 °C for one week. The nonstoichiometric

samples of Na_,V,0s contain vacancies on the Na sites.

Typical dimensions of the crystals used in the thermal The thermal conductivity of stoichiometric NaWs ex-
conductivity measurements wefe2 X 0.8 X 4.0 mm’.  hibits a much more dramatic variation in the temperature
The largest dimension coincided with the dimerizationrange studied. As shown in Fig. 2, the thermal conductiv-
axis, i.e., thec axis in the case of CuGeQand theb axis ity exhibits a broad maximum &t = 70 K and decreases
in the case of Na¥Os. The smallest dimension coincided upon approaching the SP transition. At a sharp up-
with the a axis in the layered structure of CuGe@nd turn of k occurs so that a five-time increase of thermal
¢ axis in the layered structure of Na®@s. In most conductivity accompanied by a subsequent decrease of
cases, measurements were performed in the direction ofpon cooling to liquid helium temperature takes place. A
dimerization, but, in CuGeg) thermal conductivity was behavior similar to the one described above can be seen
also measured along tlteaxis. The measurements were in nonstoichiometric samples of NaV,Os (x = 0.01,
performed by the longitudinal steady-state four probed.02, 0.03, and 0.04) with the progressively less pro-
method [18] with a temperature gradient equal to 2% ofnounced maximum beloW,, as shown in Fig. 3. The
the current temperature. The sample holder, surroundgabsition of the low temperature maximum remains un-
by a special shell to suppress the thermal radiation, washanged in nonstoichiometric samples but absolute values
placed into the vacuum chamber evacuated to better thaxf « gradually decrease with. Certain variations in the
1076 bar. The sample temperature and the temperature

gradient were stabilized to better than 0.01% by an Oxford

intelligent temperature controller with calibrated “Allen- LT e e e e e
Bradley” carbon resistors. Because of the relatively small 2 O g T
dimensions of the samples, the error in the determination 0 -8 _.[ 1 ] °
, o5 NaVv_O

of the absolute values of thermal conductivity was not B 8’% £ %@ 25 1 3
better than 10%, while the precision on the thermal 50 _5% 320 e Te 1 _|6E
conductivity variations was about 1.5%. 2 Y e v %w bS

The experimental results obtained in the and b g 40 __o 8 e 1 3
directions for pure CuGefand for the Zn-doped sample = 20 _§ O M a0 3 0 45 s | 4 E
are shown in Fig. 1. A broad phonon maximum of < L WT(K) 3
is observed atl’ = 23.3 K in the ¢ direction, while it 20 % ] g
is not well pronounced in thé direction. The absolute AP e ot — 2=
value of k in the b direction is approximately 3 times 10 = K %%%oo%o i
lower than that in the direction. The kinks on th&(T) - oo X
curves are evident at the temperature of the SP transition. N
The SP transition temperature in the Zn-doped sample is 0 20 40 60 80 100 120 140
reduced td. = 10.6 K to be compared to that of the pure T (K)

sampl_eTC N 142 K. The absqlutg vg!ue of at the SP FIG. 2. Temperature dependences of thermal conductivity
transition in the doped sample is significantly smaller thamind magnetic susceptibility in stoichiometric NayOs. The

that in the pure sample. sharp upturn af. is shown in the inset.
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100 cr 71T 77 77T « ~ vlIC is determined by the sound velocity the mean
free path of phonons, and the specific hea which de-
pends on the number of elementary excitations. The in-
teractions of the phonon and the spin subsystems can be
taken into account through the variation of the phonons’
mean free path. In the absence of these interactions, the
mean free path of the phonons increases upon cooling and
eventually saturates while their number decreases. These
opposite tendencies result in a phonon maximjnon
the x(T) curves. The estimated phonon mean free path
in CuGeqQ is still much less than the sample dimensions;
we believe that this is caused by the phonon scattering
on planar defects in the layered structure of this com-
o 20 40 60 80 100 120 140 pound. The'd.iffe(ence in the absplutg valqes of the ther-
T (K) mal conductivity in 'gheb and ¢ directions in _CuGe@ .
can naturally be attributed to a factor of 3 difference in
FIG. 3. Temperature dependences of thermal conductivity irultrasonic velocities, i.e.2.7 X 10° m/sec in theb di-
Na;V>0s (x = 0, 0.01, 0.02, 0.03, and0.04). rection ands.0 X 10° m/sec in thec direction [20]. On
the other hand, the small thermal conductivity value in
the CuyogZngo,GeC; sample, as compared with that of
high temperature slopes and the vertical shift between thine pure CuGe@sample, reflects the increased number of
curves obtained for 0% and 1% and the curves for 2%scattering centers in the doped sample.
3%, and 4% Na deficiency can be tentatively ascribed to Anomalies observed in the temperature dependence of
a variation in the crystals’ morphology. These crystalsthe thermal conductivity at the spin-Peierls transition can
can be easily cleaved perpendicular to thaxis, result- be naturally connected with the change of the crystal
ing in an uncontrolled extra scattering of the phonons odattice and with the formation of the energy gap in the
planar defects. The spin-Peierls transition temperaturemagnetic excitation spectrum. The mutual positions of
in Na;—,V,Os determined from the positions of the mini- the temperatures of the phonon maximdin and of the
mum on thex(T) curves are shown in Fig. 4, where the spin-Peierls transitiofl. is of crucial importance for the
solid curve is drawn as a guide for the eye. The suppresanalysis of these anomalies. The phonon maximum in
sion of T. by the Na deficiency was observed earlier inCuGeQ is reached af,, > T.. In this case, a possible
X-ray critical scattering measurements [19]. decrease of the phonon scattering on spin fluctuation at
Since no quantitative treatment of the transport pheZ, cannot significantly influence the thermal conductivity,
nomena for the spin-Peierls systems exists, we applied tHeecause the phonon mean free path is already large, and
Boltzmann equation for the analysis of the experimentabnly modest kinks on thex(7T) are observed. From
data. In this approach the phonon thermal conductivitythe behavior of NayOs we have to conclude that the
situation here is exactly opposite. If the maximum of
« at 70 K would have the same origin, we would not
40 — T be able to explain such a strong increasexobelow
T.. Therefore we have to assume that the decrease of
k below 70 K in Na\Os is of a different nature and
most probably can be explained by the enhancement of
phonon scattering on approaching the phase transition.
The ordering occurring beloW, apparently switches off
7 this extra scattering and leads to a huge increase of the
— thermal conductivity. No variation of the sound velocity
- at T. can explain the observed behavior of the thermal
— conductivity in Na\,Os. While no data for the absolute
value of the sound velocity are available, a longitudinal
velocity variation Av/v ~ 1073 was observed af,,
5 preceded by precursor effects observable below 70 K [21].
x (%) Several factors may play a role in the much stronger
FIG. 4. Critical temperatures of the spin-Peierls transition inﬁlnf\llar(ljcement of th% tthecr:mgl cc)o1r_1r(1juctl\(lty beI_dVy n h
Na,_,V,Os as obtained from the thermal conductivity data.'‘&V2"s @S compared (o Lut-g € Spin gap IS muc

The solid curve is drawn as a guide for the eye. D and ulargerin Na\Os (~100 Kvs ~25 Kin CuGeQ). Open-
denote dimerized and uniform phases, respectively. ing of this gap switches off spin-phonon scattering for
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phonons with frequencies less that A four-time larger  scattering, should shed light on the microscopic picture
spin gap in NaYOs implies that much more phonons of the spin-Peierls transition in Na®s and should
will now strongly contribute to thermal conductivity be- clarify the nature of the strong anomaly in the thermal
low T.. This picture could, in principle, have also allowed conductivity of Na\tOs reported in this Letter.
one to explain the behavior of the thermal conductivity of This work was supported by the Russian Foundation for
NaV,0s as a function of the deviation from stoichiome- the Basic Research (Grant-in-Aid No. 96-02-19474) and
try. Magnetic measurements show that, in contrast witlby the Netherlands Foundation for the Fundamental Study
the relatively small suppression @f with x, the drop of of Matter (FOM). The authors are grateful to B. Buechner,
magnetic susceptibility below. is strongly reduced, and D. van der Marel, A. Damascelli and M. Mostovoy for
for x = 0.03-0.04 it nearly vanishes. This shows that the helpful discussions.
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