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We found anomalies in the temperature dependence of the dielectric and magnetic susceptibility@f NaV
in the microwave and far-infrared frequency ranges. The anomalies occur at the phase transition temperature
T., at which the spin gap opens. The real parts of the dielectric constaaty ¢, decrease below,, while
€, remains constant. The changeedgis proportional to the square of the ordering parameter bdlpwThe
dielectric anomalies found indicate a redistribution of charges at the phase transition. The character of the
dielectric constant anomalies is of the antiferroelectric type, which is in agreement with the models assuming
the zigzag charge ordering in tteeb plane belowT.. The anomaly of the microwave magnetic losses is
probably related to the coupling between the spin and charge degrees of freedom in vanadium ladders.
[S0163-182609)08021-7

I. INTRODUCTION structure with inequivalent vanadium sites was recently
questioned in Refs. 7—10. On the basis of the structure re-
Two inorganic compounds, CuGe@nd Na\Os, were  finement studies of the high-temperature phase of JGaV
extensively studied as quasi-one-dimensiofi@d) magnets the ladder-type structure with equivalent V sites was
containing the chains of spir8=3 coupled by the antifer- suggested?® The ladders are oriented along theixes with
romagnetic Heisenberg exchange. Both materials show 1Ehe rungs along tha axis. There is one electron per rung and
behavior of magnetic susceptibility at high temperatures anthe spinj chains are formed by the electrons localized on
the phase transition into the spin-gap state at low tempera/-O-V molecular orbitals on rungs and coupled by the ex-
tures. Furthermore, the opening of the spin gap belgvis  change interaction along thedirection. In this structure the
accompanied by lattice deformations and, in particular, bycharge of V ions fluctuates, its average value being 4.5.
the doubling of the lattice period in the chain direction. Recent experimental dath,as well as the theoretical
The phase transition in CuGg® generally considered to arguments?-*suggest that the phase transition in N&Y
be a spin-Peierls transition. The driving force of this transi-can be a result of some charge ordering rather than the spin-
tion is the collective spin-lattice instability with the gain in Peierls instability. Two kinds of such an ordering were con-
the energy of the spin chains exceeding the loss in the latticsidered. In the model of Ref. 12 the electrons belfwbe-
energy-? The experimental data on CuGg@re in a good come localized on one leg of each ladder, as in the initially
agreement with theoretical results for antiferromagnetic spinproposed high-temperature structdre this model one has
1 chains coupled to the latticeSome deviations from the to invoke an extra mechanism to account for the spin gap at
ideal spin-Peierls behavior found for CuGg@re also well  low temperatures. In the second mddéf the electrongor
understood. They are related to considerable interchain intethe V** ions) form zigzags on each ladder. The opening of
actions(the interchain exchange is about 0.1 of the intrac-the spin gap in this scenario is a direct consequence of the
hain exchang® and the strong next-nearest-neighbor ex-charge ordering. The optical spectra of N®¢ (Refs.
change(about 0.3 of the nearest-neighbor exchdhge 15,16 were first interpreted as an indication of the presence
For some time NaYOs was considered as the second of inequivalent V sites even at room temperature. However,
inorganic spin-Peierls system. The 1D-magnetic structure othese spectra could also be explained by the presence of only
NaV,0s was first associated with the chains of Vions  a short-range charge order with relatively slow charge fluc-
(spin S=1/2) along theb axis of the orthorombic crystal tuations. An extra confirmation that the phase transition in
separated by the chains of nonmagnetit"Mons>® This  NaV,Os is not an ordinary spin-Peierls transition comes
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from the study of thermal conductivity: in contrast to the The analogous relations could be used to determine the
spin-Peierls system CuGegQthe thermal conductivity of changes of relative magnetic permeability= ' +ig”, in
NaV,Os5 has a huge anomaly beloVy, which can be natu- the case when the sample is placed at a maximum of the
rally explained by the charge orderihg. microwave magnetic field.

Further information about the behavior of the charge sub- The sample used for the microwave susceptibility mea-
system close to the phase transition point can be gained lgurements had the dimensions 1 0.3 mm and, thus, was
studying the dielectric constant. Measurements of the dieleanuch smaller than the half of the length of the standing
tric constant at the frequency of 1 KHz along three principalelectromagnetic wave in the caviy mm). This fact enables
directions were performed in Ref. 18. An anomaly with aus to separate the magnetic and dielectric susceptibilities by
strong anisotropy with respect to the electric field orientatiorpositioning the sample at different points of the cavity. Bhe
signifying the rearrangement of the charge in N@y has andb directions were lying in the plane of the plate, the
been found. axis being perpendicular to the plate.

In this paper we present combined measurements of the The change of the refractive indexwith temperature was
real and imaginary part of the dielectric and magnetic susmeasured in the frequency range between 1.2 and 3.0 THz
ceptibility of NaV,Os at the microwave frequency of 36 by registrating the interference pattern at different tempera-
GHz and of the refractive index in the far-infrared range. Fortures in the transmittance spectra of tfild—110xm) plates
comparison the measurements of the same parameters wereNaV,05 single crystals cleaved perpendicular to the
performed also for CuGeQOur results on NaYOs confirm  direction. The spectra were measured using the BOMEM
the presence of strong anomalies in the dielectric constar®A3.002 Fourier transform spectrometer at a resolution of
along thea and c directions, although the type of the 0.2—2.0 cm'. The incident light was polarized either along
anomaly for thec direction is different from the one found in the a axis (E|a) or along theb axis (E||b). We have also
Ref. 18. The anomaly ire, is naturally explained by the performedE|c measurements at room temperature.
picture of the zigzag charge ordering suggested in Ref. The positiony,, (in wave numbersof the mth maximum
13,14. Possible reasons for the anomalyimare discussed in the transmittance spectrum is given by the expression
and further experiments to check this picture are suggested.

m
Il. EXPERIMENT Ym=5dn’ 4

We studied the complex microwave dielectric and mag- ) . .
netic susceptibilities by measuring the temperature deperfYhered is the thickness of the plate. We determined the

dence of the resonance frequency and of@hfactor of the three principal values pf the ref_ractive index along meb,_
microwave TEo, cavity of the size 28 7.2x 3.4 mm. The and c axes by measuring the distance between the adjacent
resonance frequendyof the empty cavity is 36 GHz. The Maxima of the interference pattern.

presence of a sample shifts the resonance frequency of the 1€ relative changes of the dielectric constahtwere
cavity. When the sample in the form of a thin plate is pIacedfound from the measured shifts of the interference maxima
at the maximum of the microwave electric fiefi,,,, with ~ according to the relation

the plane of the plate parallel to the electric field, the reso-

nance frequency of the cavity should be shifted by the value €’ on vy
of: —=2—=-2—. (5)
€' n Vm
of (e'=1)v
T —2 vV (1) Single crystals of stoichiometric Ng®@s used in our ex-

_ periments have been obtained by a melt growth method us-
Herev,y are the volumes of the sample an_d of the cavity,ing NaVQ; as a flux. The details of the growth procedure are
respectively.e’ is the real part of the dielectric constant.  gescriped in Ref. 19. Our samples were of the same growth
~ When the sample plane is oriented perpendicularly to thgocedure as used in Ref. 20. The temperafTyeof the
field Er,,, the shift of the frequency is given by the relation: phase transition obtained from the beginning of the magnetic

susceptibility drop is 36:0.5 K.

of (e'=1)v
7= 2——. (2
eV lll. EXPERIMENTAL RESULTS
In this case the frequency shift is smaller due to the depolar-
ization factor effect. Formulagl) and (2) are valid in the
quasistatic approximation when the sample is small in com- The shift of the resonant frequency of the cavity produced
parison with the length of the electromagnetic wave. by the sample aT =40 K was of about 400 MHz both for

The imaginary part of the dielectric constatitaffects the ~ Emwlb andE,jla. It corresponds to the dielectric constant
Q factor and results in a diminishing of the microwave valuese, ,=12+1.
powerU transmitted through the cavity. The relative change For E,,/lc, when the microwave electric field is perpen-
of U is given by the relation: dicular to the plate, the shift of the resonator frequency was
only 40+15 MHz. Either the small value of, or the depo-
larization effect could result in this frequency shift which is
much smaller than in the case Bf,,J|a or E.,,J|b. Thus, the

A. Microwave measurements

ouU

v
U:—4Q€ v (3)
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FIG. 2. Temperature dependence of the change of the imaginary

10 20 30 0 50T(K) part of the magnetic permeability at the frequency 36 GHz.

FIG. 1. Temperature dependence of the real and imaginary parguencies for the electric field polarized along theand b
of the dielectric constant at the frequency 36 GHz. The inset demaxes. Simultaneously with the decrease of the refractive in-
onstrates the comparison of the measurementsi«ff (present  dex n,, the absorption present in the low-frequency region
work) and of the intensity of the x-ray reflexesRef. 23: =1 of the far-infrared spectrum of Ng»s aboveT, decreases
— 8ey(T)] 5e,(45K). markedly when temperature decreases belgwsee the in-

set of Fig. 3 and Ref. 16 We checked that despite these
absolute value ofe, could not be estimated accurately changes of the absorption coefficient, Ef) allows us to
enough: following the formuld2) we obtain the valuee;  determine the changes of with sufficiently good precision.
between 4 and infinity. The relative change of the refractive index is of about 0.05

However, the frequency shift of the resonator at changingind corresponds to the change of the dielectric constant that
temperature can be measured with the accuracy of aboutid approximately twice as large as the value found at the
MHz and hence the relative change @fat the phase tran- microwave frequency of 36 GHz.
sition was measured quite accurately. We used the wglue  We have not found any observable changes/ofor ny,).
=8 obtained in quasistatic measurem&hend in the far- Unfortunately, we could not observe the interference pattern
infrared experiments described below, for the calculations ofor E|c polarization at low temperatures and, hence, to de-
de. according to the formul&2). tect the possible changes é&f.

The temperature dependence of the change of the dielec-
tric function was derived from the dependence of the reso-
nator frequency shift with respect to the frequencyTat
=1.5 K. The value of the change of the imaginary part was The observed dielectric anomalies could, in principle,
derived from the temperature dependence of the transmittegtise from(i) an anomalous thermal expansion of N&¢ at
signal relative to the reference value of this signal at 40 K. T_,%* (ii) a change of the lattice polarizability, ariii) a

The temperature dependence of the change of the dielegearrangement of electrons beldw.
tric susceptibility is shown in Fig. 1. The real part of the  The change of the sample size at the phase transition was
dielectric constants;, . decreases below the phase transitionobserved by studying the thermal expansibithe relative
temperature, while the real part ef, does not show any change of the sample size as temperature passes through the
observable change. The imaginary parepfexhibits a well-

IV. DISCUSSION

pronounced peak. The change of the imaginary paré,of dn/n

and e, were found to be smaller than the apparatus noise e — N —

level. o e o °
A change in the response of the sample to the microwave 0061 Ella o z ]

magnetic field was only found for the imaginary part of the ° 214 o °

magnetic susceptibility. These results are shown in Fig. 2. 004l = oo° Ella | |
We reexamined the CuGgCcrystals studied in Refs. ' g12

21,22 and have not found any changes of the dielectric and $ 3 §

magnetic susceptibilities of comparable values. 002k %10&{3 ]

£ 0 00 200 7.x
B. Far-infrared measurements . E”B s 3 T %

For the frequency of 1.2 THz we have obtained the fol- 0.00 <4 S .

lowing values ofe’ at room temperaturee,=15.0+0.6, 0 50 100 150 200"

€,=10.2£0.2, ,=7.520.2. These data are close to those g 3. Temperature dependence of the relative change of the

for €' at zero frequency found earlier from the fitting of the refractive indexn, at the frequency 1.1 THZY), 1.4 THz (1), 1.9

reflectivity spectra of NayOs single crystals by the model THz (V), 2.2 THz (¢), 2.6 THz (©), 2.8 THz (x), 3.1 THz

of independent oscillators. (+), andn, at 3.1 THz @). Inset presents the temperature depen-
Figure 3 shows the temperature dependence of the relativience of the integrated intensity of the far-infrared absorption

change of the refractive index at different far infrared fre-=[13128(v)dv, B being the absorption coefficient.
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zigzags than peaks, we conclude that the charge ordering occurs
without generation of a macroscopic dipole moment. Thus
ll Tl l] Tl l] Tl the experimental data agree with the antiferroelectric charge
ordering in the form of the zigzag distribution ofV ions as
l] 1 l] ) ll described in Refs. 13,14ee Fig. 4, top
The zigzag models developed in Refs. 13,14 result in the
Tl 1[ Tl l] TJ l] identical type of the charge ordering but differ in the mecha-
nism of a spin-gap opening. In Ref. 13 the spin-gap opening
is related to the alternation of the exchange integral along the
chains ladder that results from the charge ordering, while in Ref. 14
the spin gap is explained by the formation of singlet pairs in
| | | l | | the ordered phase due to interladder interactions. The present
experimental data cannot provide arguments to choose be-
| | l 1 1 tween these two interpretations.
The concept of the zigzag charge ordering enables one to
Tl | explain most general features of the observed data. The de-
b

l l ! | | crease of the dielectric constaa} can be attributed to the
shrinking of the electron clouds along thalirection due to

) ) ) the localization of electrons on the distinct V sites, instead of

FIG. 4. Schematic form of the chain-tygbottom and zigzag-  peing smeared along the V-O-V orbitals. The observed di-
type (top) charge ordering in Na)Os according to Ref. 13. Solid  inishing of the optical absorption coefficient in the fre-
lines represent the possible paths of the electron hopping in Iadderauency range studietl.2—3.0 TH2 below T, is probably
circles mark maxima of the electron density in the ordered state,, .\ ~onnacted with the above—mentionedcshrinking of the
The directions of the local dipole moments appearing on the UN3jectron clouds, the absorption itself being of an electronic
of the ladders are marked by arrows on the left from the rungs. origin (see, in p’articular Ref. 23

The coupled spin and charge degrees of freedom in vana-
transition pOint is of the order of Id This Change of the dium ladders were described in Ref. 13 using the Spin-
size of the sample could produce the changes in the observegbspin Hamiltonian. The isospin concept is introduced for
values of dielectric constant and of the refractive index of thene description of a charge ordering: isospfa= + 1/2 cor-
same order of magnitude. The anomalies found in our extesponds to the electron localized on one end of the iung
periments are at least 2 orders of magnitude larger. Thus thgpiie ;2— — 1/2 describes the electron localized on the other
reason(i) could not result in the dependences shown in Figsg,g. Alcharge ordering would result in the formation of the

1 and 2. : z At :

As for (i), the changes in the lattice polarizability should dlzpokze momer_ltsdi along 'Fhea direction on the rungs, with
be accompanied by the corresponding changes in the hon(()jr‘*lOc 7i - The zigzag ordering corresponds hereﬁmpufer-

p y p g g p
spectrum belowT,.%® Our estimates show that the new romagn_etlsm. The coupling of an external el_ectr_|c field along
the a axis to the localrung order parameter is given by the
modes that appear belo¥y, cannot account for the observed 7 .. : 7 .
change ofe’ due to their relatively small oscillator strengths. term —E,7;, similar t(,) the couplllng— Hs/ In magngtlf: Sys-

Our data show that the phase transition in Nay is tems, and. the resulting behavior eg should pe_ ;lm!Iar to
marked not only by the opening of a spin gap and by thethe'behawor of the parallel_magn_etlc'sqscepnbll')‘ty,.|n an
lattice period doubling, but also by a strong dielectric antlferr(_)magnet. Thl_s consideration is ina qgalltatlve agree-
anomaly. This dielectric anomaly indicates that the chargén€nt with the experimental data shown in Fig. 1.
subsystem plays an important role in the phase transition and USing the Landau mean-field approach négr one can
agrees with the conclusion about the charge orderir, at shO\_N that the decrease of the dielectric susceptibility is pro-
Therefore, we believe that the models of the strudfiteat ~ Portional to the square of the charge order parameter, i.e., the
do not consider a charge ordering and which explain the/alue of 8¢}, is proportional to the intensity o_f the addltlonal
opening of the spin gap as a result of the spin-Peierls transk-Tay reflections that appear & . As shown in the inset of
tion are not adequate. Note that the spin-gap opening ifrig- 1, there is, indeed, a good correlation belewWT,—2
CuGeQ, which seems to be a conventional spin-Peierls maK) betweende, and the x-ray intensity measured in Ref. 25.
terial, is not accompanied by changes in dielectric susceptifhere is some deviation of the data close to and above
bilities, as follows from our measurements. T.—the value ofée, does not vanish af. and shows a tail

Furthermore, analyzing the form of the temperature deup toT— T ~8 K. This deviation abov@ can naturally be
pendence ok, one can choose an appropriate model of theascribed to the existence of short-range charge ordered areas
charge ordering. The model with a localization of electronswhich are fluctuating in some frequency range. These fluc-
on one leg of the ladd&® (see Fig. 4, bottomwith a  tuations give rise to the dynamic dielectric susceptibility
formation of chains of localized electrons corresponds to th@boveT., but are averaged out and vanish when the suscep-
ferroelectric ordering with the spontaneous electric polarizatibility is measured on a large time scale as it was observed
tion along thea axis. In this case the peak in the temperatureat 1 KHz in Ref. 18.
dependence o€, should be observed. Since the anomalies The nature of the behavior of the dielectric constghis
found in the real part of the dielectric constant have the fornless clear, especially in view of the difference in the anomaly
of steps(typical for the antiferroelectric transitiprrather  of €, obtained in our measuremer{see Fig. 1 and in the
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guasistatic measurements of Ref. 18, where lheype fluctuations close td ., which would give rise to the dielec-
anomaly was observed faf, instead of the steplike behavior tric losses. Why the anomaly i’ is most pronounced for
shown in Fig. 1. the electric field directed along theaxis is not clear yet.

Both these measurements show the appearance of local Correspondingly, a coupling of the chargand lattice
dipole moments along the direction at the transition tem- degrees of freedom to spins, definitely present in this com-
perature. The possible origin of such moments may be, e.gpound, should result in magnetic losses, which were indeed
the shifts of the V ions within © pyramids along thec ~ observedsee Fig. 2 This coupling originates from the Pauli
direction. The charge orderingpcalization of the electrons principle, which relates the symmetry of the spatial and spin
on particular V iongaccompanied by the shifts of these ions parts of the wave function of two exchange-coupled elec-
along thec direction can modify the local dipole moments in trons from the neighboring rungs of the laddgAs a result,
the c direction. triplet excitations on the ladder rungs could carry a dipole

From the crystal structure of Na®@s; one would then moment:®
again expect an antiferroelectric ordering of such dipoles, Note that the peak in the imaginary part of the magnetic
which would give the behavior of; consistent with the one  Susceptibility is of significant value and exceeds several
observed in the present woflsee Fig. L The reason for times the value of the'real part of the susceptibilityTat
different type of thee, anomaly observed in our measure- Therefore, the fluctuations of the spin gap alone could not
ments and in quasistatic measurements of Ref. 18 is not cle§xPlain the peak of magnetic losses and such a peak is in-
at present. A possible explanation might be related to théleed not observed in CuGgQvhere the charge ordering is
small but measurable conductivity of Na®s single crys- ~ absent.
tals. The conductivity has a large peaKTat it is 1.5 times
higher than the conductivity both below and abdye?® The V. CONCLUSIONS
conductivity contributes only to the imaginary part of the

microwave dielectric constant and at 40 K the contribution ISity in the microwave and far-infrared frequency range were

7 . . .
of the order of 10", Thus3 the conductivity is too small to found in NaOs. The pronounced dielectric constant
affect the results of the microwave measurements. Howeveﬁnomaly and the peak in magnetic losse3 aindicate that

the mfluence Qf this small conductivity on the results of thethe nature of the spin-gap opening in N&Y is different
e_IecFr_lc capacity measurements at 1 KhRef. 18 COUId. t_)e from that of CuGeQ@. These anomalies are in agreement
5|gn|f|_cant, becau;e th.e observe_d value of conductivity "€with the zigzag charge-ordering scenario of the phase transi-
sults in the capacitor discharge time of about 18. There- tion in this materiat34while the models that do not involve
fore, the electric-field potential within the capacitor might bea charge ordering t;elow (Refs. 7,8, as well as the models

C . 1Y

disturbed by a leakage current and this fact might result in ar) . : 1915 ;
additional change of the capacity. Further experiments argvIth the ferroelectric charge orderiiig™ can be rejected.

needed to elucidate this point and also to check whether the
anomalies ine; are indeed related to the shifts of V ions
along thec axis belowT, as argued above. The work was supported by the Russian Fundamental Re-
The picture of the phase transition in Ng® as being search Foundation Grants No. 98-02-16572, 98-02-17620,
mainly of the charge-ordering type with some degree of @6-02-19474, by the Civilian Research and Development
short-range order persisting aboVe is also qualitatively Foundation research Project No. RP1-207, by the Dutch
consistent with the behavior of the dielectric loseéshown  Foundation for Fundamental Studies of MattEOM), and
in Fig. 1. There should definitely exist slow enough chargeby the OXSEN network.

The anomalies of the dielectric and magnetic susceptibil-
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