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Optical spectroscopic study of the interplay of spin and charge ine’-NaV,0s5

A. Damascelli, C. Presura, and D. van der Marel
Solid State Physics Laboratory, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

J. Jegoudez and A. Revcolevschi
Laboratoire de Chimie des Solides, Universike Paris-sud, Bément 414, F-91405 Orsay, France
(Received 1 June 1999

We investigate the temperature-dependent optical properties-biaV,Os, in the energy range 4 meV—-4
eV. The symmetry of the system is discussed on the basis of infrared phonon spectra. By analyzing the
optically allowed phonons at temperatures below and above the phase transition, we conclude that a second-
order change to a larger unit cell takes place below 34 K, with a fluctuation regime extending over a broad
temperature range. In the high-temperature undistorted phase, we find good agreement with the recently
proposed centrosymmetric space grdemmn On the other hand, the detailed analysis of the electronic
excitations detected in the optical conductivity provides direct evidence for a charge disproportionated elec-
tronic ground state, at least on a local scale: A consistent interpretation of both structural and optical conduc-
tivity data requires an asymmetrical charge distribution on each rung, without any long-range order. We show
that, because of the locally broken symmetry, spin-flip excitations carry a finite electric dipole moment, which
is responsible for the detection of direct two-magnon optical absorption processE$afoThe charged-
magnon model, developed to interpret the optical conductivity'6NaV,Os, is described in detail, and its
relevance to other strongly correlated electron systems, where the interplay of spin and charge plays a crucial
role in determining the low-energy electrodynamics, is discussed.

. INTRODUCTION in magnetic fieldH=<14 T, obtainedATgy(H)=Tgs«0)

_ _ ) —Tgd14 T)=~0.15K, i.e., almost a factor of 7 smaller than
After many years of intensive experimental and theoretiyyhat was expected on the basis of Cross and Fisher tdory.
cal work on CuGe@ another inorganic compound, pithermore, they claimed that the entropy reduction experi-
a’-NaVv,0s, has been attracting the attention of the scientific\o a1y observed across the phase transition is considerably
community working on low-dimensional spin systems, in larger than the theoretical expectation for a 1D antiferromag-

general, and on the spin-PeieflSP phenomenon, in par- . L :
ticular. In fact, in 1996 the isotropic activated behavior of themitIC (AF) HB chain with on_ly spin d,egrees of freedom and
%— 48 meV (i.e., value obtained for’-NaV,0O5 from mag-

magnetic susceptibility was observed at low temperatures on . S .
9 P y P netic susceptibility measuremehtsin order to explain these

a’-NaV,0s.! Moreover, superlattice reflections, with a lat- .~ . . .
tice modulation vectok= (m/a, m/b,/2c), were found in findings, degrees of freedom additional to those of the spin

an x-ray scattering experimehgnd a spin gap = 9.8 meV system should be taken into_account, contrary to the inter-
was observed at the reciprocal-lattice point=(a,w/b,0), ~ Pretation of a magnetically driven phase transifion.

with inelastic neutron scatterifgThe SP picture was then ~ 1hiS already quite puzzling picture became even more
proposed to explain the low-temperature properties of thigomplicated when the crystal structure and the symmetry of
compound, with a SP transition temperatiig=234 K1 In  the electronic configuration of'-NaV,0s, in the high-

this context,a’-NaV,0s seemed to be a particularly inter- temperature phase, were investigated in detail. In fact, on the
esting material, as far as the full understanding of the Sasis of recent x-ray-diffraction measuremét¥ it was
phenomenon is concerned, because on the basis of the stridgund that the symmetry of this compound at room tempera-
tural analysis reported by Carpy and Galy in 1975, suggesture is better described by the centrosymmetric space group
ing the noncentrosymmetric space groBg;mn,> it was Pmmnthan by the originally propose®2,mn.® On the
assumed to be described by the one-dimensi@ta) spin-  other hand, the intensities and polarization dependence of the
1/2 HeisenbergHB) model better than CuGeQln fact, for  electronic excitations detected in optical conductivity spectra
the latter compound it has been established botlgave a direct evidence for a broken-parity electronic ground
experimentall§ and theoretically that the 2D character of state®!* in apparently better agreement with the noncen-
the system cannot be neglected. trosymmetric space group2;mn. The solution of this con-

On the other hand, on the basis of experimental resulttroversy and the assessment of the symmetry issue are of
later obtained, the interpretation of the phase transition iSundamental importance for the understanding of the elec-
still controversial. First of all, the reduction dfgp upon  tronic and magnetic properties of the system and, ultimately,
increasing the intensity of an externally applied magnetioof the phase transition.
field, expected for a true SP system, has not been In this paper we present a detail investigation of the in-
observed:’ For instance, Behneret al.® performing low-  terplay of spin and charge in’-NaV,0s, on the basis of
temperature magnetization and specific-heat measuremerdgtical reflectivity and conductivity data in the energy range
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FIG. 1. High-temperature crystal structure @f-NaV,O5:Pyramids around V ions and rows of Na ions are shown.

4 meV-4 eV. We will start from the discussion of the re- P2;mn originally proposed by Carpy and Galy for the high-
cently proposed high-temperature crystal structiré&and  temperature phase af’-NaV,0s.% Following their crystal-

its implications on the physics of this compouf®ec. I). A lographic analysis, the structure can be constructed from
group theoretical analysis for the two different space groupslouble rowgparallel to theb axis) of edge sharing pyramids,
will be reported and later compared to the experimentallyone facing up and the other down, with respect to dhe
observed far-infrared phonon spectra. In Sec. Ill, we willplane(see Fig. 1. These double rows are connected by shar-
present a theoretical model which we will use to interpreting corners, yielding a planar material. The planes are
qualitatively and quantitatively the optical conductivity spec-stacked along the axis, with the Na in the channels of the
tra of @’-NaV,0Os. In Sec. IV, we will analyze the data ob- pyramids. In thea-b plane(see Fig. 2, we can then identify
tained with optical spectroscopy at different temperaturesinear chains of alternating V and O ions, oriented along the
above and belowl ;=34 K (throughout the paper, we will b axis. These chains are grouped into sets of two, forming a
refer to the transition temperature Bsbecause the interpre- ladder, with the rungs oriented along theaxis. The rungs
tation of the phase transition is still controversidh particu- are formed by two V ions, one on each leg of the ladder,
lar, we will concentrate on: bridged by an O ion. The V-O distances along the rungs are

(i) Analysis of the temperature-dependent phonon spectrahorter than along the legs, implying a stronger bonding
in relation to the x-ray-diffraction data, in order to: First, along the rung. In tha-b plane the ladders are shifted half a
learn more about the symmetry of the material in both highperiod along théb axis relative to their neighbors. The non-
and low-temperature phase. Second, detect signatures of tbentrosymmetric space group2;mn, allows for two in-
lattice distortion and study the character of the transition.

(i) Detailed study of the very peculiar electronic and
magnetic excitation spectra. In particular, we will show that
we could detect a low-frequency continuum of excitations
which, on the basis of the model developed in Sec. Ill, we
ascribe to “charged bimagnons,” i.e., direct two-magnon
optical absorption processes.

Finally, in Sec. V, we will discuss the relevance of our
findings to the understanding of the nature of the phase tran
sition in @’-NaV,0s. In particular we will try to assess
whether the picture of a charge ordering transition, accom-
panied by the opening of a magnetic gap, is a valid alterna-P
tive to the originally proposed SP description. In fact, this
alternative interpretation has been recently put fordard
on the basis of temperature-dependent nuclear magneti
resonancéNMR) data®® a

Il. SYMMETRY PROBLEM IN a'-NaV,Os FIG. 2. Two-leg ladder structure formed by O and V ions In the
a-b plane of @’-NaV,0s. Black dots are O ions; dark and light
The interpretation of the phase transition at 34 K as a SRrey balls are ¥" and \P* ions, respectively, arranged in 1D
transitiort is based on the noncentrosymmetric space grouphains in the space groug2;mn.
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equivalent V positions in the asymmetric unit. These sites Group-theoretical analysis

were interpreted as different valence state$! \and \P*, An alternative way to assess the symmetry issue is to
represented by dark and light grey balls, respectively, in Figinyestigate the Raman and infrared phonon spectra, compar-
2. In this structure it is possible to identify well distinct 1D jng the number of experimentally observed modes to the
magnetic V* (S=1/2) and nonmagnetic ¥ (S=0)  number expected for the two different space groups on the
chains running along theaxis of the crystal, and alternating basis of group theory. Obviously, a large number of modes
each other along tha axis. This configuration would be has to be expected because each unit cell contains two for-
responsible for the 1D charactéBonner-Fisher-typ®) of  mula units, corresponding to 48 degrees of freedom, which
the high-temperature susceptibifityand for the SP transi- will be reflected in 48 phonon branches.

tion, possibly involving dimerization within the®/ chains® In the space groupPmmnthe site groups in the unit cell
Moreover, due to the details of the crystal structure, only oneyre: C3, for the 2 Na and the 2 @) atoms, andC%? for the

of the threet,, orbitals of V**, i.e., thed,, orbital, is 4 v, the 4 G2), and the 4 @8). Following the nuclear site
occupied’” As a result, the insulating character of group analysis method extended to crysfalthe contribu-

a'-NaV,0s, which has been observed in dc resistivity tion of each occupied site to the total irreducible representa-
measurement&;**would be an obvious consequence of hav-tion of the crystal is

ing a 1D half filled Mott-Hubbard system.

However, recent redeterminations of the crystal Inarony=2[Ag+ Biy+ Bog+Bay+ Bag+ Bgyl,
structuré®~? showed that the symmetry of’-NaV,Os
aboveT, is better described by the centrosymmetric space I'vio)+o@=3[2Ag+A,+Bigt2B1,+2B,3+ By,
group Pmmn The suggested structure is very similar to the + Byt 2B, ]
one proposed by Carpy and Gala small difference is the 39 sul-
somewhat more symmetric eightfold coordination of'fla  Subtracting the silent modes A3) and the acoustic modes
On the other hand, one major difference was found, namely,B, ,+ B,,+ B3,), the irreducible representation of the opti-
the presence of a center of inversion in the unit cell. Thecal vibrations, for the centrosymmetric space gréwpmn is
evidence is the very lovR(F) value of 0.015, and the fact
that no lower value oR(F) can be obtained when thle;'g-ray- I'=8A4(aa,bb,cc)+3B;4(ab)+8B,4(ac) +5B34(bc)
diffraction data are refined omitting the inversion ceritdn
particular, this result suggests the existence of only one kind +7B1u(E[[c) +4B2u(E[[b) + 7Bsu(E[a), (1)
of V per unit cell, with an average valence for the V ions of corresponding to 24 Ramarh{,B,4,Byg,Bsg) and 18 in-
+4.5. This finding has important implications for the under-fgred B1,,B>y,Bs,) active modes.
standing of the electronic and magnetic properties of |y the analysis for the noncentrosymmetric space group
a’-NaV,0s. In fact, we have now to think in the framework p2 mn, we have to consider only the site gro@y¥’ for all
of a quarater filled two-leg ladder system: It is still possible{he atoms in the unit cell: 2 Na, 2(¥), 2 V(2), 2 O(1), 2

to recover an insulating ground state assuming thatdthe 0(2), 2 03), 2 O(4), and 2 @5). Therefore the total irreduc-
electron, supplied by the two V ions forming a rung of the e representation is

ladder, is not attached to a particular V site but is shared in a

V-0O-V molecular bonding orbital along the rudgin this 8XTcyz=8X[2A;+A,+B;+2B,].

way, we are effectively back to a 1D spin systéartwo-leg s

ladder with one spin per rung in a symmetrical position Once again, subtracting the acoustic modestB;+ B,
However, in case of a SP phase transition, singlets wouldthere is no silent mode in this particular casthe irreduc-
have to be formed by electrons laying in molecularlike orbit-ible representation of the optical vibrations, for the noncen-
als and a rather complicated distortion pattern would have t@rosymmetric space group2,mn, is

take place: Not simply the dimerization within a real 1D

chain (as, e.g., in CuGef), but a deformation of the I''=15A,(aa,bb,cc;E[|a)+8A,(bc) + 7B, (ab;El|b)
plaquettes, formed by four V ions, within a ladder. )

Regarding the controversy about the x-ray structure deter- +15B,(acEflc), )
mination for ¢’-NaV,0Os aboveT,, it is important to stress corresponding to 45 Ramaw(,A,,B;,B,) and 37 infrared
that, even though it is now well established that the “most(A; B, ,B,) active modes.
probable” space group is the centrosymmeRiemn(on the As a final result, we see that the number of optical vibra-
basis of the statistics of the refinem)aruteviations from cen- tions, expected on the basis of group theory, is very different
trosymmetry up to 0.029 A are unlikely but cannot befor the two space groups. Moreover, whereas in the case of
excluded'® Moreover, one has to note that x-ray-diffraction Pmmnthe phonons are exclusively Raman or infrared active,
measurements are sensitive to the charge distribution of cofgr P2,mn, because of the lack of inversion symmetry, there
electrons and not of valence electrons. Therefore if a locaks no more distinction betweegerade and ungeradeand
breaking of symmetry in the distribution of thed/electrons certain modes are, in princip|@r0up theory does not say
were present on a local scale without the long-range ordegnything about intensiti¢sdetectable with both techniques.
required by the noncentrosymmetric space grB@pmn (as
suggested by the optical conductivity data we will present in IIl. CHARGED-MAGNON MODEL
Sec. IV D), it would not be detectable in an x-ray-diffraction
experiment: X-rays would just see the “space average” In the context of the extensive work done, in the last few
given by the centrosymmetric space grd&mmn years, on 205=1/2 quantum AF and their 1D analogs, it has
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whereL!, (R],) creates an electron with spim on the
left-hand (right-hand site of thejth rung, U is the on-site
Hubbard repulsion,njz;njr; (Nj_1Nj_|) is counting the
double occupancies on the right-hafidft-hand site, n;c
=(njr—n;.)/2 is the charge displacement operator, anid

the potential energy difference between the two sites. Con-
sidering onlyHg at quarter filling one immediately realizes
that A is not only breaking the left-right symmetry of the

FIG. 3. Sketch of the single two-leg ladder. Circles represent th&ystem(for the symmetric laddeA =0), but it is also intro-

ionic sites having on-site energiesA/2 and+A/2 on the left and
on the right leg of the ladder, respectively.andt; are the hopping
parameters for the rungs and the legs, respectigglys the length

ducing a long-range charge ordering with one electron per
site on the left leg of the ladder. Working in the lintit
>1| we can consider each rung as an independent polar mol-

of a rung, and is the rung index. Also indicated is the relation, ecule(with one electropdescribed by the HamiltoniaH o
assumed throughout the discussion, between the different energy Hjl_ The two solutions are lopsided bonding and anti-

scales of the model. bonding wave functiongL)=u|L)+v|R), and|R)=u|R)
_ _ —v|L), with
been shown both experimentally and theoreti@afis’ that
also optical spectroscopy, besides elective techniques like 1 A 1 A
Raman and neutron scattering, can be a very useful probe in U= —\/1+—, v=—\/1—— (7
studying the spin dynamics in this systems. For example, in \/E Ect V2 Ect
the 2D system LgCuQ, (1D system u where two- ) o
magnon()t/wo-spir%r) e‘;(citatiozs aresizncp%)ciple not opti- Where Ecr= VA2+4U_ is the splitting between these two
cally active because of the presence of a center of inversiofigenstates. The excitation of the electron from the bonding
that inhibits the formation of any finite dipole moment, © the antibonding state is an optically active tran'smon'Wlth
phonon-assisted magnetic excitations were detected in tredegree of charge transf€T) from the left to the right site
mid-infrared regiorf>?® These magnetoelastic absorption Which is larger the bigger tha. It is possible to calculate
processes are optically allowed because the phonon there i€ integral of the real part of the optical conductivity(w)
volved is effectively lowering the symmetry of the system. for this excitation, quantity that can be very useful in the
Let us now concentrate on a system where a breaking ginalysis of optical spectra. We start from the general
symmetry is present because of charge ordering. We shogauatiori
that, in this case, magnetic excitations are expected to be
directly optically active and detectable in an optical experi-
ment ascharged bimagnonsDouble spin-flip excitations
carrying a finite dipole moment. We will do that investigat-

ing the spin-photon interaction in a single two-leg ladderwhereV is the volumeg, is the electron charge ards the
with a charge disproportionated ground state. On the basis Qs index. As for a single run(ﬁ|x-|t)= —d,t, /Ecy, we
. i ,

this model we will later interpret the optical conductivity opyain the following expression, which is exact for one elec-
spectra ofa’-NaV,0s. tron on two coupled tight-binding orbitals:

2
, (8

v rgg (En_Eg) <n|2| Xi|g>

A. Model Hamiltonian

J o(w)do=mNd?t2 4 2EE, 9)
CT

In this section we discuss the single two-leg ladder de-
picted in Fig. 3, where:, andt; are the hopping parameters
for the rungs and the legs, respectivaly, is the length of a
rung, and—A/2 and + A/2 are the on-site energies for the
left and the right leg of the ladder, respectively. We work at
quarter filling, i.e., one electron per rung. The total Hamil-
tonianHt of the system is

whereN is the volume density of the rungs. Comparing Eg.
(9) and the expression fdE-1 with the area and the energy
position of the CT peak observed in the experiment, we can
extract botht, andA.

In the ground state of the Hamiltoniad,+H, , each
electron resides in ) orbital, with some admixture dR).
Let us now introduce the coupling of the rungs along the
legs, consideringd and a small fragment of the ladder with
only two rungs. We have now to take into account the spin
degrees of freedom: If the two spins are parallel, the inclu-
sion of H| has no effect, due to the Pauli principle. If they
form a S=0 state, the ground state can gain some kinetic
energy along the legs by mixing in states where two elec-
trons reside on the same rung. We start from the singlet
ground state for the two rungs:

H-|—=H0+HJ_+H||, (3)

HOZU; {anTanl‘f’njLTnle}"‘A; njc (4)

HL=tLj2 {L],Rj ,+H.clh, (5)

-~ 1 - - - o~
Hi=t 2 {R Ris1otL] Ljr,tHE),  (6) |'-1'—2>=Eﬂ'—lﬂ-zﬁ_“—u'—zﬁ}' (10
],0o
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with eigenvalueE, | ,=—Ecr, and we study the effect of

_ : o 1
H) using a perturbation expansiontiiEc+, to the second tu(
order. HoweverH,|L,L,) does not coincide with any of the i
singlet eigenstates of the system consisting of two electrons t,,(
on one rung with the Hamiltoniakijo+H;, . In order to i1

obtain the exchange coupling constapbetween two spins
2ninn§|igr;]hlb6(?[rlgig errlljsntg?éswﬁ)rh?r:/: S&(S)t éloegfrl Lcr?sla(t; tgﬁesﬁgn()f FIG. 4. Pictorial description of the electric dipole moment asso-
P 9 9 %iated with a single spin flip in the asymmetrical two-leg ladder. If

and then to evaluate the fractional parentages 9E112> spins are antiparalléleft-hand sidg the charge of th¢th electron
with respect to that set. The Hilbert subspace of two-electrofs asymmetrically distributed not only over theh rung but also on

spin-singlet states is spanned by the vectors the NN rungs(with opposite asymmetjy because of the virtual
hopping. If we flip its spin(right-hand sidg the jth electron is
ILiL;)= LJ-T,TL,T,ﬂO% (11)  confined to thejth rung, resulting in a reduced charge density on
the right leg of the ladder. Therefore there is a net dipole displace-
1 ment(along the rung directiorof the antiparallel spin configuration
ILiR;)= E{LJT,TRJ‘TJ_ LJ-T’leT’T}|0>, (12  compared to the parallel one.

correction for theS=1 spin configuration is zero, we obtain

IRIR)=R] R |0). (13)  the exchange coupling constaht
On this basis the Hamiltonian of ttjéh rung is 8t22
_ [
U-A J2t, 0 H_[A2+4tf]3/2' 17)
HotHp= V2t 0 \2u . (4
0 \/Etl U+A B. Interaction Hamiltonians and effective charges

Let us now consider three rungs of the lad@sre Fig. 4
to understand the role of spin-flip excitations in this system.
Rgcause of the energy gally, in the ground state we have

A significant simplification of the problem occurs in the
large U limit which, moreover, elucidates the physics of ex-

change processes between a pair of dimers in an elegant arnd . o .
simple way. We therefore take the limit—oc. The solu- antiparallel alignment of the spingig. 4, left-hand side

tions for A=0 are¥? The (ant)symmetric linear combina- The jth elfctron is described by the lopsided bonding wave
tions of |L;L;) and|R;R;) with energyU, and|L;R;) with function |Lj) and, because of the virtual hopping to the
energyE r=—4t?/U—0. The triplet states have energy 0. nearest-neighbofNN) rungs, by states where two electrons
For a general value of, still obeyingA<U, the onlyrel- ~ reside on the same rung. Working in the lirilt— these
evanteigenstate for the calculation of the exchange processeates have one electron in g and one in th¢R) state on
between neighboring dimers iIELJ-R,-), with energy E, g the same rung. The_refore the charge of me electron is
=0. The other two states with energy of ordgrare pro- asymmetrically distributed not only over théh rung (dark
jected out in this limit. gray area in Fig. 4, leftbut also on the NN rung@ight gray
We can now go back to the problem of two rungs with area in Fig. 4, left However, in the latter case most of the
one electron per rung, and consider the hopp|ng a|0ng th@harge denSity is |0ca.|ized on the rlght Ieg of the |ad.der. If
legs treatingH; as a small perturbation with respectity ~ We flip the spin of thejth electron(Fig. 4, right-hand side

: LT irtual hopping is possible any more to the NN rungs
+H, . We proceed by calculating the correctiongitqL ,) no vir o P I
by allowing a finite hopping parametérbetween the rungs. because of the Pauli principle. The electron charge distribu-

Using lowest-order perturbation theory, the ground-state ent-',f)n is now determined only by the lopsided wave function

ergy of a spin singlet is: |LJ-) (dark gray area in Fig. 4, rightAs a result, there is a
net dipole displacement of the antiparallel spin configuration
~ ~ 1 —— compared to the parallel one: The spin-flip excitations carry
Egs=0=— ECT_<L1L2|HHWHH|L1L2>- a finite dipole moment parallel to the rung directiangxis).
0T eT (15) This dipole moment can couple to the electric field of the
incident radiation in an optical experiment, and result in
We proceed by calculating the coefficients of fractional parwhat we refer to asharged bimagnoexcitations. One may
entage by projecting{H|’|:lh|:2> on the two-electron Sing|e remark,'at this point, that. only double Spin ﬂlpS can be
eigenstates of a single rung: probed in an optical experiment because of spin conserva-
tion. However, what we just discuss for a single spin flip can
-~ be extended to the situation where two spin flips, on two
HjlLiL2)= \/Etujle {W?LiL) +VARR)+2uv|LR)}.  different rungs, are considered.
’ (16) The coupling to light withE||a (rung direction can now
) ) be included using the dipole approximation. The only effect
Calculating the second-order correction&p,, for the S s to change the potential energy of i) states relative to
=0 state, in the limit wherdJ —c, and realizing that the the |L) states. In other words, we have to replatewith
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A+q.d, E,, whereE, is the component of the electric field 702 d>
along the rung. The coupling to the CT transition on the Jo’l(a))da)= ;“ = (En—Eg){nlhglg)|% (22
rungs is given by the Hamiltonian S h°V  n#g

Let us first concentrate on the CT excitation which is a
Her=0ed, EaNc=0qed, Eaz Nic . (18 simpler problem because, as we discussed in Sec. Il A, on
i each rung we are dealing with one electron on two coupled
tight-binding orbitals|L) and |R). Therefore only one en-
ergy term €,— Egy) =Ecy has to be considered in the previ-
d. Ous equation. We can then write

The Hamiltonian for the spin-photon coupling can be ob-
tained taking the Taylor expansion &f with respect taE,,
and retaining the term which is linear in the electric fiel
Noticing thatdE,=dA/q.d, , we have

E (En_Eg)|<n|nC|g>|2

n#g
Hs=qmdlEahs:qmdiEa2 SHSIE (19

=Ecr| 2 [(nnclg)|*~Kglnclg)|?
where g, = (1/d,) (33 /9E,) =de(d3)/9A) is the effective "

charqe jnvolved in a double spin-flip transition, ahd =Ec1{(g|nZ|g)—|(glnc|g)|?} =Ecr{(n2)—(nc)?},
=3;5;-Sj41. In the limit U—c, the effective charge re- 23)
duces to
where we took into account that the expectation valuaof
3J)A over the ground state is a real number. From Eg%) and
= , 20 (23), we obtain
o mogd?
where Jj is given by Eq.(17). One has to note that for a j o1(w)do=——Ec1gc(T), (29
symmetrical ladder, whera =0, the effective charge, cT 4nv

vanishes, and the charged magnon effect disappears: The Rgrere we have introduced the correlation function
culiar behavior of the spin flips we just described is an ex-

clusive consequence of the broken left-right symmetry of the gC(T):4<<né>_<nC>2>T- (25)
ground state. On the other hand, the bonding—antibondin% ) )
transition would still be optically active. However, the FOr the ground state df independent rungs per unit volume
bonding-antibonding energy splitting would be determined g)=11;|L;), we calculategc=N[N—(N—1)4u?vZ—N(v?
only byt, , i.e.,Ecy=2t, . At this point we like to speculate —u?)?]. Because (*—u?)?=1-4u?v?, it follows thatgc

on the role played by in determining not only the optical =N(2uv)?. Thereforegc=0 if the two sites on a rung are
activity of the double spin-flip excitations but also the insu-completely independenu=1 andv=0, fort, =0 andA
lating (metallic) nature of the system along the leg direction. #0. On the other handjc has its maximum valugc=N
For A=0 and for strong on-site Coulomb repulsith the  when the rungs form homopolar moleculas:v=1/y/2, for
energy cost to transfer one electron from one rung to the, #0 andA=0. Noticing that 1/(2iv)?>=1+ (A/2t,)? one
neighboring one i€-1=2t, . Therefore the system is insu- can see that Eq$24) and(9) give exactly the same result.
lating for 4t <E¢r=2t, and metallic in the opposite case. If  In performing a similar quantitative analysis for the spin-
we now start from a metallic situationtdsEqr=2t, fl!p excitations in the 5|ng!e tyvo-leg ladder, we have to con-
switching on A we can realize the conditionté<Ecy sider the e!ementary excitations of the H>1/2 HB AF,

— \/m'f which would result in a metal-insulator transi- SYStem which does not have long-range magnetic order at

tion and, at the same time, in optical activity for the chargec®"Y_temperature due to its 1D character. It has been shown
bimagnons. by Faddeev and Takhtaj&tthat the true elementary excita-

tions of the 1D HB AF are doublets &= 1/2 spinon exci-
_ tations. Each spinon is described by the dispersion relation
C. Spectral weights
In this section we will attempt to estimate what would be, Py — e
in an optical experiment, the relative spectral weights for the e'(k= 2 Jsink,  O<ks<m. (26)
CT and the charged bimagnon excitations of the single two- . . . P
leg ladder. In particular, we want to show that these quanti:rhe. tWO'Sp”)OH c_on,tmuum, ,W'th total sp81=_1 ors=0,is
ties can be expressed in terms of properly defined correlatioﬂeflned bye’(q) =€(ky) +€'(k), whereq=k;+k, and
functions. Considering the integral of the optical conductiv-<1 1K are the momenta of the spinons. The lower bound-
ity, Eq. (8), and the interaction Hamiltoniartd.t andHsg, ary is found forl_<1=0 andk, =g (or the other way around
we can write: €1(q)=(m/2)dsinq. The upper one fork;=k,=q/2:
€,(q) =mJ sin@/2).
242 In the present case, we are dealing with double spin flips
el E (En—Eg)|(n|nclg)|? generated by the interaction Hamiltoniaty. What is then
2y n7g 9 ' relevant is the four-spinon continuum defined ley(q)
(22 =3,€'(ki), whereq=Zk;, and the index labels the four

ko

J’ o(w)do=
cT
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spinons. Of this excitation spectrum we would actually probeOn the basis of the analysis presented above, we can state
in an optical experiment only thg=0 (or equivalentlyg  that the maximum limiting value for this quantity, in the
=2m) states, with total spi$=0. These states form a con- limit U—c and withJ; given by Eq.(17), is

tinuum atq=0 extending frome;(0)=0 to e5(0)=27J. In

fact, because Eq26) has its maximume,,,= mJ/2 for k

= /2, four spinons with the same= /2 correspond to the f o(w)dw
g=2w (q=0) excited state with the highest possible en- S

ergy: e5(0)=4¢€,=27J.

If we now go back to Eq(22), we see that the evaluation LTal(“’)d“’
of the integrated optical conductivity for the spin excitations
is problematic because it requires a detailed analysis of the
matrix elements for the states within the four-spinon con- IV. OPTICAL SPECTROSCOPY
tinuum, atq=0. We can simplify the problem by means of a
very crude approximation and obtain a result which, al- We investigated the optical properties @f-NaV,Os in
though not rigorous, yet is meaningful for a comparison withthe frequency range going from 30 to 32 000 ¢mHigh-
the experiment. Let us replace in EQ2) the quantity E, quality single crystals were grown by high-temperature solu-
—Eg) with the average energy value of the four spinon contion growth from a vanadate mixture fld.The crystals,
tinuum: Es=J;. In this way, as in the case of the CT with dimensions of 1, 3, and 0.3 mm along theb, andc
excitations, we can write axes, respectively, were aligned by conventional Laue dif-

fraction, and mounted in a liquid-He flow cryostat to study
mod? the temperature depe_n_dence of the optical_properties betvyeen
J' o(0)dw= ——Eg«(T), (27) 4 and 300 K. Reflectivity measurements, in near normal in-
s 4n2V cidence configurationgd~10°), were performed on two dif-
ferent Fourier transform spectrometers: A Bruker IFS 113v,
wheregg(T) is the spin-correlation function defined as in the frequency range 20—7000 ¢h and a Bomem DA3,
between 6000 and 32 000 crh Polarized light was used, in
gs(T)=4((h3) —(hg)?)r. (28)  order to probe the optical response of the crystals along the
andb axes. The absolute reflectivity was obtained by cali-
brating the data acquired on the samples against a gold mir-
ror, from low frequencies up to 15000 ¢rh and an alumi-
num mirror for higher frequencies. The optical conductivity
was calculated from the reflectivity data using Kramers-
Kronig relations.

Let us now, as an introduction to what we will discuss in
detail in the following sections, describe briefly the main
features of the optical spectra ef-NaV,0s, over the entire
A ~ = frequency range we covered with our experimental systems.
Neel ordered state, i.elg)=1IIj|Lyj ;Loj41,). Over this |n Fig. 5 we present reflectivity and conductivity data of
ground state we can calculagg=N. On the other hand, for ,’-NaV,05 at 300 K forE|a (i.e., L to the chain direction
a random orientation of spins we would obt@jg=0. The  andE|b (i.e., | the chain directionin the frequency range
real spin configuration of the system is of course somethingp—17 000 cml. We can observe a very rich and peculiar
in between these two extreme cases and the valugsof excitation spectrum, characterized by strong anisotropy for
depends on the details of the many-body wave function ofjirection parallel and perpendicular to the V-O chains.
the spins. In particular, it depends on the probability of hav-  Eqr E| chain, the far-infrared regione(<800 cm ) is
ing fragments of three neighboring spins ordered antiferrocharacterized by strong optical-phonon modes, with no back-
magnetically. Thereforgs is higher the lower is the tem- ground conductivity, as expected for an ionic insulator. At
perature and reaches fdr—0 its maximum value, which h|gher frequencies a strong electronic absorp(mking at
would be strictly smaller thags=N in a truly 1D system.In —~9000 cm'!) is directly observable in both reflectivity and
relation to the interpretation of the optical conductivity dataconductivity. Moreover, in the mid-infrared regighetween
of @'-NaV,0s within the charged magnon model, it is im- 800 and 5000 cm') we detected a very weak continuum of
portant to note that, in a dimerized singler triplet) con-  excitations, as shown by the finite value of the conductivity
figuration of the single two-leg ladder, we hage=0. [see inset of Fig. ®] and by the reflectivity which is con-

In conclusion, the intensity of the Spin fluctuations re'a-tinuou5|y raising in that frequency ran@Eig_ 5(a)]
tive to the CT excitations in terms of effective charges, for  On the other hand, foEL chain, a weak broad band of
the single two-leg ladder system, is given by optical absorption, additional to the phonon modes, was de-

tected in the far-infrared region. This is directly recognizable
in the reflectivity spectruniFig. 5a]: Reducing the fre-
929<Es quency of the incoming light, contrary to what observed for
= 2’“ ] (29 E|| chain, we can observe an overall increase in reflectivity
f o1(w)dw 0c9cEct which masks the contribution due to the sharp phonon lines.
T At the same time, the interference fringes, due to Fabry-Perot

97 A2 30
< .
32 tfti

One has to note that a nonzero valueggfrequires that
the total HamiltoniarH and the interaction Hamiltoniad g
do not commute with each other. This condition would be
realized including, inH; or in hg, NNN interaction terms
which would, unfortunately, complicate the problem consid-
erably. However, a finite value @ is obtained also in case
of an AF broken symmetry of the ground state. We can the
estimate an upper limit fogs starting from a long-range

fsﬂ'l(w)dw
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FIG. 5. Optical spectra of’-NaV,Os at 300 K forE|a (i.e., L FIG. 6. Reflectivity ofa’-NaV,0s in the undistorted phase at

to the chain directionand E||b (i.e., || the chain directiop in the ~ 100 K. The spectra are shown f&rperpendicular and parallel to
frequency range 30—17 000 cth Panels(@ and (b) show reflec- the chain direction in pandb) and (b), respectively. An enlarged
tivity and optical conductivity, respectively. In the inset of pafgl ~ View of the frequency regions, where very weak optical phonons
an enlarged view ofr;(w) from 40 to 3000 cm? is presented. were detected, is given in the insets.

resonances, V_ViliCh were dominating the optical reflectivitthe phonons to be sufficiently sharp and therefore more eas-
below 140 cm* for E| chain, are almost completely sup- jly detectable. At the same time, it is far frofia, so that we
pressed forEL chain, indicating a stronger absorption for can identify the phonon spectrum of the undistorted phase
the Iatter_polarlzatlon. In the optical conductivity, a con- ithout having any contribution from the one of the low-
tinuum, with a broad maximum in the far infrargsee inset temperature distorted phase.

of Fig. S(b)], extends from very low frequencies up to the |, £jg 6 three pronounced phonon modes are observable
electronic excitation at-7500 cm *~1 eV, which is now for E|| chain (wo~177, 371, and 586 cit, at 100 K, and
much more intense than the similar one detected Efr three forE.L che?in © '%13’7 256. and 5,18 ) a'; 100
chain. Moreover, along the direction perpendicular to th ). It has to be mentigﬁed tha{t the ,feature at 21373:m|ong

V-O chains, we can observe an additional shoulder in th . . . X .
conductivity spectrum, between 3000 and 5000 ¢m hea axis, Wh";h looks like an _antlresonanc.:e,lls a leakage of
Finally, for both polarizations, an absorption edge due toft CaxIs modé® due to the finite angle of incidence of the

the onset of charge-transfer transitions was detected 3t radi_ation on the sampleﬁ(_v .100)' and to the use gf polar-
eV (not shown, in agreement with Ref. 35. ization (therefore with a finiteE|c componentto probe the

a-axis optical response. Analyzing in detail the spectra few
more lines are observable, as shown in the insets of Fig. 6.
Along the b axis a fourth phonon is present at 225 ¢

We will now concentrate on the phonon spectra of theBeing the sample a 30@m-thick platelet characterized by
high-temperature undistorted phaseadfNaV,0s. We will ~ some transparency in this frequency region, Fabry-Perot in-
try to assess the symmetry issue by comparing the numbéerferences with a sinusoidal pattern are measurable. At 225
and the symmetry of the experimentally observed optical vicm™ ! the pattern is not regular anymore, indicating the pres-
brations to the results obtained from the group-theoreticaénce of an absorption process. From the temperature depen-
analysis for the two different space groups proposed, fodence, it can be assigned to a lattice vibration. Similarly,
a'-NaV,0s, in the undistorted phase. In Fig. 6 we presentthree more phonons are detected alongalais at 90, 740,
the reflectivity data forE perpendicular and parallel to the and 938 cm?.
V-0 chains(i.e., along thea andb axes, respectivelyup to In conclusion, sixa-axis and fourb-axis phonons were
1000 cm'%, which covers the full phonon spectrum for thesedetected o’ -NaV,Os, in the high-temperature undistorted
two crystal axes. In this respect, different is the case otthe phase. The resonant frequencies of these vibrational modes
axis: Along this direction a phonon mode was detected aare summarized, for two different temperatures, in Table I.
~1000 cm?!, as we will show in Sec. IV C while discuss- These results compare better with the group-theoretical
ing the results reported in Fig. 11. In Fig. 6 the data areanalysis for the centrosymmetric space gréupmn[see Eq.
shown forT=100 K, temperature which is low enough for (1)], which gave seven and four vibrational modes Eja

A. Phonon spectrum: High-temperature phase
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TABLE I. Resonant frequencies of the optical vibrational modeswould like to discuss the temperature dependence, from 4 to
characteristic of the undistorted phaseadfNaV,Os, obtained by 300 K, of the lattice vibrations characteristic of the uniform

fitting the optical phonons with Fano line shapes. phase. We are here referring to those optical modes which
- are observable at any temperatures abdyend therefore
Pol. T (K) wro (cM™7) reflect the symmetry of the system in the high-temperature

Ella 4 9112 139.15 25549 517.30 740.62 938.21 pha;e. In order to extract, from the experimental data, infor-
100 89.67 136.81 25582 517.74 740.49 938.49 matlon. about their parameters, we had to fit the data using
Ellb 4 17746 22467 373.91 58720 Fano line shapes for the phonon pe&ksn fact, most of
100 17718 22520 371.02 585.88 them, in particular _alo_ng _tha axis, are c_harac_terlzed by a

strong asymmetry indicating an interaction with the under-
laying low-frequency continuum. In this case the symmetri-
andE| b, respectively, than with the analysis for the noncen-cal Lorentz line shape was not suitable and the asymmetrical
trosymmetricP2,mn. In fact, in the latter case 15 and 7 Fanp_ profile had to be _used: The latter model contains an
phonons ought to be expectésee Eq.(2)]. Therefore in additional parameter W_hlch takes care of tht_a degree of asym-
agreement with the x-ray structure redeterminatfoii?also m_etry of an excitation line, due_ to the c_ouplmg between that
the optical investigation of the phonon spectra indicates th&iscrete state and an underlaying continuum of states.
centrosymmetric space grolmmnas the most probable The results for_ the percentage change in resonant fre-
one fora’-NaV,0s, at temperatures abovk.. quency, the Qampmg, and the oscillator gtrength of the most

However,P2,mn s in principle not completely ruled out Nténse optical phonons of the undistorted phase of
as a possible space group on the basis of the optical-phondh -NaV20Os, are plotted in Fig. 7, between 4 and 300 K. One
spectra. In fact, group theory gives information only aboutc@n observe that some of the modes show a sudden change in
the number of phonons that one could expect but not abodf'eir parameters between 40 and 32 K, i.e., upon reducing
their resonant frequencies and, in particular, their effectivdne temperature beloW,=34 K. In particular, the oscillator
strength which, in the end, determines whether a mode i§trength of the phonons at 371 and 586 c¢malong theb
detectable or not. The only really conclusive answer would®XiS, decreases across the phase transition, suggesting either
have been to detect more modes than allowed by symmetd tr_ansfer of spectral weight t_o_ zone boundary f_olded modes
for the space grouPmmn In the present situation, it may be activated by the_ phase transjtlon or to electronic degrees of
possible that the correct space group is still the noncenfréedom. We will see later, in the course of the paper, that
trosymmetricP2,mn and that some of the phonons have for the cha'ln direction the reductlc_)n of the phonon oscnla_ltor
escaped detection because the frequency is too low for o@irength will be compensated mainly by the strength gained
setup or due to a vanishing oscillator strength. In this respecpy the zone boundary folded modes activated by the phase
we have to stress that, indeed, the oscillator strength of th&@nsition. On the other hand, f&L chain, the change in
additional modes expected for the noncentrosymmetricSPe?tra| wel_ght of the electronic excitations will appear to be
P2,mn would have to be small because, as indicated fronParticularly important.
the x-ray-diffraction analysi¥ if a deviation from cen-
trosymmetry is present, it is smaller than ® A . We have
also been performing a lattice dynamical calculation for both
space groups which shows that, removing the center of in- Upon cooling the sample below. =34 K, significant
version and changing the valence of the V i¢ins., from the  changes occur in the optical phonon spectra as one can see in
uniform V*5* for all sites to an equal number of*V and  Fig. 8, where we present the reflectivity spectra of
V°* siteg, the number of modes characterized by a finitea’-NaV,0s measured, foEL chain (a) and E|| chain (b),
value of the oscillator strength does not increase, even if &elow (4 K) and just above40 K) the phase transition. Con-
strictly long-range charge ordering in 1D chains df'Vand trary to the case of CuGeQwhere we could clearly observe
of V°* jons is assumed. in reflectivity only a single, very weak additional

It has to be mentioned that many independent investigaphononi{®=*3ten new lines are detected f&rl chain (oo
tions of the Raman and infrared phonon spectra, or=101, 127, 147, 199, 362, 374, 410, 450, 717, and 960
a'-NaV,0s, were reported®3>~430f course, there was not cm™1), and seven foE|| chain (wro~102, 128, 234, 362,
immediately a perfect agreement between all the differen#10, 718, and 960 ciit), some of them showing a quite
data. As a matter of fact, in early experimental studies ofarge oscillator strength. The stronger intensity of the lines,
lattice vibrations>*"the optical spectra there presented werewith respect to the case of CuGgGsuggests larger lattice
interpreted as an evidence for the noncentrosymmetric spaahstortions ina’-NaV,0s, on going through the phase tran-
group P2,mn. At this stage, we believe that the results of sition or, alternatively, a larger electronic polarizability. The
our investigation performed on high quality single crystals,resonant frequencie@t T=4 K) of all the detected zone-
give a very complete picture of the infrared vibrational boundary folded modes are summarized in Table Il. The ob-
modes ofa’-NaV,Os, in the undistorted phase, f@a and  servation of many identical or almost identical frequencies
E|lb. Moreover, our results are completely confirmed byfor both axes, which is an important information for a full
those recently obtained by Smirnov and co-worf&#(who  understanding of the structural distortion, is an intrinsic
could measure also theaxis phonon spectrunon samples  property of the low-temperature phase. Experimental errors,
of different origin. like polarization leakage or sample misalignment, are ex-

Before moving on to the phonon spectra characteristic otluded from the well-defined anisotropy of the phonon spec-
the low-temperature distorted phase af-NaV,0s;, we  trum of the undistorted phase. A more detailed discussion of

B. Phonon spectrum: Low-temperature phase
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FIG. 8. Reflectivity spectra o&'-NaV,0s measured folEL

© T T chain (a) andE| chain(b) below (4 K) and just above40 K) the
0.75 N B Al phase transition. Along both axes, new phonon lines activated by
?'"_:_.-,.v _________________ T ] the phase transition are observable Ter T..
050 v ¥ M .
o , . , . , Of all the detected folded modes, for experimental rea-
0 100 200 300 sons (i.e., higher sensitivity of the detector and therefore
T (K) higher accuracy of the results in this frequency ranges

carefully investigated the ones at 718|@,b) and 960 cm*

FIG. 7. Resonant frequency shift, damping, and oscillator(E[|@), for several temperatures between 4 and 40 K. We
strength plotted vd, for the most intense optical phonons of the fitted these phonons to a Fano profile because the 718-cm
undistorted phase. We are here referring to modes which are onodes show an asymmetrical line shape. The results of the
servable at any temperatures ab@yend therefore reflect the sym- percentage change in resonant frequency and damping, of the
metry of a’-NaV,Os in the high-temperature phase. These modesnormalized oscillator strength, and of the Fano asymmetry
are still well detectable below; the reduction of their oscillator parameter are plotted versus temperature in the different pan-
strength across the phase transition marks the symmetry change déRs of Fig. 10. We use here an asymmetry param@térac)
to the lattice distortion. redefined in such a way that the larger the valuégfthe

stronger is the asymmetry of the line: A Lorentz line shape is
this point will be presented in Sec. IV C, in relation to the eventually recovered fo®=0."® _
reflectivity data reported in Fig. 11. Let us now start by commenting on the results obtained

An enlarged view of few of the frequency regions wherefor the oscillator strength: In Fig. 16) we see tha has a
the zone-boundary folded modes were detected, is given igimilar behavior for the three different lines. However, the

L _l . —
Fig. 9. We can observe the gradual growing of the thes@0-CM = peak vanishes &, yvheriaas the two 718-cn
modes, whose oscillator strength increases the more the terﬂ}ofdes rc‘j‘?‘ve still a f'”:tefln;enggxita iOK aﬂd, as a matter
perature is reduced beloWw,=34 K. Moreover, the reflec- '?h ?.Ct’ Eappe?rﬂ?n 3/68 % dei ' tft (;sime tlme’
tivity data acquired forEL chain[panel(a) in Fig. 8 and € lin€ shape ot the cm mode 1S pertectly Lorentzian
g . at all temperatures, whereas the two other phonons show a
panels(a) and (b) in Fig. 9] show that also the underlaying

continuum as a considerable temperature dependence. ?r?n5|stently increasing asymmetry far>32 K. Also the

fact, the reflectivity is decreasing, over the entire frequency ]
range, upon reducing the temperature from 40 to 4 K. In TABLE Il. Resonant frequenuesi at 4 K, of the zone-boundary
particular, in Fig. 9a), we can see that very pronounced folded modes detected aw' -NaV,0s in the low-temperaturéLT)

interference fringes, due to Fabry-Perot resonances, afy!2se: WithEL chain andE|| chain.
present at 4 K for frequencies lower than 136 ¢mindicat-

-1
ing a particularly strong reduction of the absorption in thatPOL D @ro (6M )
frequency region. This effect is, in our opinion, related to theg||a 101 127 147 199 362 374 410 450 717 960
opening of the magnetic gap in the excitation spectrum, ang||p 102 128 234 362 410 718 960

will be discussed in great detail in Sec. IV D.
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_ of the propagation of ultrasonic waves along the chain direc-
FIG. 9. Detailed temperature dependence of some of the Z0N&ion of a’-NaV,O-.%° and very recently, in x-ray diffuse
boundary folded modes observed in the reflectivity spectraTfor scattering meaéufémer?ﬂs’ '

<T,, with EL chain[(a) and(b)] andE|| chain[(c) and(d)].

. . . . C. Symmetry of the lattice distortion
increase in resonant frequendyig. 10(a)] and the reduction y y

of the damping Fig. 10(c)] are much more pronounced for ~ We saw in the previous section that many of the folded
the two 718-cm® modes. From these results we concludezone-boundary phonon modes, activated by the phase transi-
that the second-order character of the phase transition #on, show the same resonant frequency e and E||b
nicely shown by the behavior @& for the 960-cmi* folded ~ (see Table I, even though they are characterized by a dif-
mode. On the other hand, pretransitional fluctuations maniferent oscillator strength along the two different axes.,

fest themselves in the finite intensity of the 718-dnmodes ~ S~0.021 forE[|a and S~0.014 forE|b, for the 718-cm*
aboveT,, and in the extremely large value 6f and y for ~ modes at 4 K This is quite a surprising result because the
these lines §~35 cn ! at 40 K). In other words, the lattice Phonon spectrum of the undistorted high-temperature phase
distortion is already taking place in the system, at temperabas a well defined anisotropy, at any temperature, with dif-
ture much higher thaff, but with a short-range character, ferent resonant frequencies for vibrations polarized along the
whereas a coherent long-range distortion is realized only be2 andb axes(see Table)l Similar anisotropy should then be
low the phase-transition temperature. In this respect, it iPresent below the phase transition if the system is still ortho-
worth mentioning that similar pretransitional fluctuations, fhombic, even for the folded modes.

below 70 K, have been observed also in the course of a study T0 further check these findings, we performed reflectivity
measurements on a single crystakdtNaV,Os, at the fixed

temperature of 6 K, rotating the polarization of the incident

& light of an angleg (see Fig. 1L The sample was aligned in
i such a way to have the electric field of the light parallel to
& i thea axis of the crystal, fogp)=0° and 180°, and parallel to
= g the b axis, for =90°. For these polarizations of the light
¢ = the obtained results are, obviously, identical to those pre-
£ sented in Fig. 8. However in Fig. 11 the data are shown in a
different frequency range, extending up to 1050 ¢mWe
can then observe at1000 cmi! along thea axis, which
3 «» again was probed witlp-polarized light, the antiresonance
- B due to the leakage of @axis phonort® Turning the polar-
;’ § ization from ¢=0° to ¢=90° in stepsA »=10°, we ob-
& OO —0— aT7l7cm? g serve a gradual decrease of #Hiaxis contribution and, at the
= ol —0— 2960 cm” ~ same time, an increase of theaxis contribution to the total
P — | - bms CE:"  Bool 00 reflectivity. From 90° to 180qnot shown, the behavior is
10 20 30 400 10 20 30 40 the reverse and the reflectivity spectra measure@-at0°
T (K T (K) +nA¢ are just identical to those acquired at=90°

. —nA¢. The spectra satisfy the following relations:
FIG. 10. Temperature dependence of the change in resonant ¢ P fy g

frequency(a) and dampingdc), of the normalized oscillator strength
(d), and of the Fano asymmetry parametey, for the folded
phonons observed below the phase transition at 717 and 96 cm
with E|a, and at 718 cm® with E|b. R(¢)=R(0°)cos(¢)+R(90°)sir?( ). (32)

R(45°)+ R(—45° =R(0°)+ R(90°), (31)
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terns on each ladder. Note that in our picture the nonequiva-
lence of plaquettes along theaxis, indicated by the gray
ellipsoids in Fig. 12, is really a chicken-and-egg problem:
Either the singlet formation occurs first, causing an alterna-
tion alongb of nonequivalent plaquettes, which, in combina-
tion with the OCOP alon@ gives rise to a zigzag charge
ordering. Alternatively, the zigzag charge order occurs first,
which, in combination with OCOP causes the alternation of
nonequivalent plaquettes alonly The resulting charge
modulations are only small deviations from average occupa-
tion, which we represented graphically by the different gray
shades.

At this stage, the low-temperature phonon spectra should
still be characterized by a well defined anisotropy, with dis-
tinct eigenfrequencies for different polarizations of the elec-
tric field of the incoming radiation. However, there is no
reason for the polarization of the folded zone-boundary
modes to be precisely along theor theb axes. In fact, they

FIG. 12. Possible charge ordering pattermvinNaV,Ox, below are polarized Wlth. a flnlte angle with respect to_ the crystal
T.. The grey ellipsoids represent the electronic charge involved i?X€S(€.d., along directions parallel and perpendicular to the
the formation of singlets, within the ladders, over every secondlidgonal long-range singlet patterif domains are present
plaquette formed by four V ions. On adjacent ladders, the charge i) the system, with opposite orientation for the OC(#Ht-
assumed to define an oblique charge ordering pat®@OP; see, and right-hand sides of Fig. J2each domain will still be
e.g., left-hand side Two different kinds of V ions are identifiable: Characterized by a phonon spectrum with a well defined po-
V ions adjacent to empty plaquettéwhite circles and V ions larization, as just discussed. However, in presence of such
adjacent to plaquettes containing a singlaack circles, arranged  domains the phonon spectra measured in the experiments
in zigzag patterns on each ladder. If domains with different orien-correspond to an average over many domains with the two
tation for the OCOP are present in the syst@efi- and right-hand  possible orientations randomly distributed. As a result, al-
sides, the zigzag ordering of the different kind of V ions is de- most no anisotropy would be found for light polarized along
stroyed in correspondence of a domain wdtshed ling a andb axes.

A short-wavelength alternation of descending and ascend-

This suggests that the system, even in the distorted phas@9 OCOP domainsalso a 2x2b supercell corresporlcsjs
has the optical axes along the crystal directian®, andc clos_ely to the structure recently reported bydbt_:keet al. .
[on the contrary, for a triclinic or a monoclinic structure A similar structure was also considered by Riera and Poil-

there would be no natural choice of the optical axes and E .Ianq as one_of t_he many possible realizations of charge-
(32) would not be satisfied However, the low-temperature J€NSity wave in this syster.
folded mode at 718 cit can be observed for all possible
orientations of the electric field of the incident radiaticee
Fig. 11). Because identical resonance frequencies, along the
a and theb axes of the crystal, were observed for six of the Very interesting information and a deeper understanding
folded zone-boundary modes, we cannot believe in an accPf the symmetry ofa’-NaV,Os are obtained from the de-
dental coincidence. tailed analysis of the optical conductivity data, in particular
A possible explanation for the observed effect is as fol-when the electronic excitations are considered and compared
lows. In the low-temperature phase a nonmagnetic grountp the result relative to CuGeQsee Fig. 13 On the latter
state is realized, and true singlets are preseat #NaV,0s.  compound we observed sharp phonon lines below 1000
The most probable situation is that the singlets are formed;m™*,*°~*® multiphonon absorption at-1500 cnt?, very
within the ladders, over the plaquettes defined by four \Weak [note the low values ofri(w) in the inset of Fig.
ions. In this case, as shown in Fig. 12, within one ladderl3(@] phonon-assisted Cul-d transitions at~14000
there is an alternation of “empty” plaquettes and plaquettecm™%,%% and the onset of the Cu-O charge-trangfeT) ex-
containing a singletrepresented by a gray ellipsoid in Fig. citations at~27000 cm®. On a’-NaV,Os, besides the
12). Let us now assume that in adjacent ladders the charge fghonon lines in the far-infrared region, we detected features
arranged in an oblique charge ordering patt@dCOP, as that are completely absent in CuGg@ strong absorption
shown in the left-hand side of Fig. 12. The OCOP is consispeak at~8000 cmi! and, in particular forEL chain, a
tent with the doubling of the lattice constant observed, alondow-frequency continuum of excitationisee inset of Fig.
thea axis, in low-temperature x-ray scattering experiménts. 13(b)]. Our goal is to interpret the complete excitation spec-
Moreover, two different kinds of V ions are identifiable trum for «’-NaV,0Os, trying, in this way, to learn more about
which could possibly explain the results obtained in low-the system on a microscopic level. In order to do that, we
temperature NMR experimeritsfor a more detailed discus- have first to identify possible candidates for the excitation
sion see Sec. ) In fact, there are V ions adjacent to empty processes observed in the experimental data.
plaquettegwhite circles and V ions adjacent to plaquettes  On the basis of intensity considerations, the peak at
containing a singletblack circles, arranged in zigzag pat- ~8000 cmi~1 eV, in the optical conductivity of

D. Optical conductivity
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FIG. 14. Far-infrared optical conductivity af’'-NaV,Os, for
EL chain(a) andE| chain(b). Along both axes new phonon lines,
activated by the phase transition, are presentTerT.=34 K.
Moreover, forEL chain, the temperature dependence of the low-
frequency continuum is observable.

FIG. 13. Optical conductivity, at 300 K, of CuGeda) and
a'-NaV,0;5 (b), for E parallel and perpendicular to the Cu-O or to
the V-O chains. Inset of panel a: enlarged view ®f(w) of
CuGeQ, from 800 to 30000 cm'. Inset of panelb): enlarged
view of o4(w) of a’-NaV,0s, from 40 to 3000 cm?.

Let us now turn to the infrared continuum detected for
a'-NaV,0s, has to be ascribed to an optically allowed ex-E| chain[see inset of Fig. 1®)]. We already showed, dis-
citation. Contrary to the case of the absorption detected atussing the low-temperature reflectivity désae Figs. 8 and
~ 14000 cm* on CuGeQ, it cannot be interpreted just as 9), that this broad band of optical absorption has a consider-
ad-d exciton on the transition-metal ioie., V in the case able temperature dependence: The overall reflectivity was
of a’-NaV,0s). In fact, this kind of transition is in principle decreasing upon reducing the temperature and;TfoiT,
optically forbidden and only weakly allowed in the presenceFabry-Perot resonances appear at frequencies lower than 136
of a strong parity-broken crystal field or electron-phononcm™?, indicating a particularly strong reduction of the opti-
coupling. We have now to recall one of the main consecal absorption in that frequency region. These effects be-
guences of the structural analysis which suggested as a magime even more evident when we consider the low-
probable space group, fat’-NaV,Os in the undistorted temperature optical conductivity calculated from the
phase, the centrosymmetrRmmn The existence of only reflectivity data via Kramers-KronigkK) transformations
one kind of V per unit cell, with an average valenceto4.5.  (see Fig. 1% However, when we perform this kind of calcu-
Taking into account that the hopping parameter along th¢ation we will obtain unphysical oscillations in the optical
rungst, , is approximately a factor of 2 larger than the oneconductivity at frequencies where reflectivity is dominated
along the legs of the laddey,>*>* all the other hopping by interference fringes. In addition, because KK transforma-
amplitudes being much smallefincluding the nnt,,), tions are integral equations one could expect some effects
a’-NaV,05 can be regarded as a quarter filled two-leg lad-e.g., a wrong estimate of the background conductivitigo
der system, with one \ electron per rung shared by two V at frequencies other than those where interference fringes
ions in a molecular bonding orbitd. In this context, the directly show up. More in detail, the concern is not that the
most obvious candidate for the strong optical absorption obinfrared continuum detected f&L chain could be an arti-
served at 1 eV is the on-rung bonding-antibonding transitionfact due to a pathological KK analysiis fact, while discuss-
with a characteristic energy given by,2 However, on the ing Figs. 5, 8, and 9, we showed that the continuum is di-
basis of LMTO band-structure calculatidrand exact diago- rectly observable in reflectivily but rather that the absolute
nalization calculation applied to finite-size clustéts, was  value of o;(w) could be wrong. In order to verify the reli-
estimated to be-0.30-0.35 eV, which gives a value for the ability of the KK analysis, not only in relation to this point
bonding-antibonding transition lower than the experimen-but also to the effect of different low- and high-frequency
tally observed 1 eV. This energy mismatch, and the strongxtrapolationgwhich are needed to perform the KK integrals
dependence of the intensity of the 1 eV peak on the polarever frequencies ranging from zero to), we compared
ization of the light, are important pieces of information andthe KK results too;(w) we obtained with alternative meth-
will be discussed further in Sec. IV E. ods:
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(i) High-frequency ellipsometry0.8—4.5 eV.>®

(ii) Inversion of the Fresnel formulas in regions where we
could measure both reflectivity and transmission.

(i) From the parameters of a detailed fit of the reflectiv-
ity data. The fit is based on a routine which allows us to
reproduce also the interference fringes due to multiple reflec-
tions within a thin sample.

As a result, we could conclude that(w) calculated via
KK transformation is reliable from very low frequencies up
to 17000 cm®, with an accuracy in the infrared ef1%
(except in regions where interference fringes were detgcted
Above this frequencywe actually measured the reflectivity
up to 32000 cm?), our oy (w) starts to show a dependency
on the high-frequency extrapolation and therefore is no
longer completely reliable.

In Fig. 14b) we can observe, foE| chain, only the
sharpening of the phonon lines and the appearance of the
zone-boundary folded modes. On the other hand,Haor
chain we can observe, in addition to the folded modes below
T., first the increase of the continuum intensity upon cooling
the sample from 300 to 40 K and, subsequently, a reduction

(@'em™)

5,(115 cm™)

Oscillator strength

of it from 40 to 4 K. In the frequency region below the 139 ) . . . . . (bl)

cm ! phonon, whereas a reduction is observable in going L ™ 50 100 0 200 250 300

from 300 to 40 K, not much can be said about the absolute T (K)

conductivity of the 4 K data, because of the interference

fringes. FIG. 15. Panela): Temperature dependence of the optical con-

In order to evaluate the |Ow-temperature values of conductivity atw=115 cm %, for EL chain. The values are obtained
ductivity more precisely, we can fit the interference fringesfrom Kramers-Kronig analysis, foF>T., and by fitting the inter-
directly in reflectivity. In fact, fitting the period and the am- ference .fringes in reflectivity, folf <T.. The inset shows.an en-
plitude of them, we have enough parameters to calculat’ged view ofoy(w), from 110 to 190 cm*. Panel(b): Oscillator
right away the real and imaginary part of the index of refrac-strength of the low-frequency electronic continuum, ar chain,
tion and, eventually, the dynamical conductivity. The so  Plotted versus temperature.
obtained values are plotted versus the temperature in Fig.

15(a). The data for 100, 200, and 300 K were obtained viaAt 100 K this mode is characterized by a very pronounced
Kramers-Kronig transformations, whereas those for 4 and 32nomaly of its line shape. As a matter of fact, fitting this
K from the fitting of the interferences in the range 105-125phonon with a Fano line shape we obtained for the asymme-
cm 1. The 40-K point, as at that temperature very shallowtry parameter the valu€®=—1.7 rad, indicating a strong
fringes start to be observable, was calculated with both metheoupling to the continuum. However at 4 K, once the gap is
ods, which show a rather good agreement in this case. As @pen and the intensity of the underlying continuum has de-
results we can obsensee Fig. 188)] a pronounced reduc- creased, a sharp and rather symmetrical line shape is recov-
tion of o1, across the phase transition, corresponding to thered.

opening of a gap in the optical conductivity. An additional information we can extract from the con-

It is difficult to evaluate precisely the gap size because otluctivity spectra is the value of the integrated intensity, and
the phonon at 139 cit [inset of Fig. 1%a)]. However, we its temperature dependence, for the infrared broad band of
can estimate a lower limit for the gap ef136 cm® (17  optical absorption detected fdEL chain. The oscillator
+3 meV). The important information is that the value of the strength, obtained by integrating; (w) (with phonons sub-
gap in the optical conductivity is approximately twice the tracted up to ~800 cm !, is displayed in Fig. 1). It
spin gap value observed in inelastic neutron-scatteringncreases upon cooling down the sample from room tempera-
experiments and magnetic susceptibility measuremefits, ture to T., and rapidly decreases far<T.. The possible
for T<34 K. This finding indicates that the infrared broad meaning of this behavior will be further discussed in the next
band of optical absorption has to be related to electronicection.
degrees of freedom: Because the range of frequency coin- As a last remark, it is important to mention that low-
cides with the low-energy-scale spin excitations, the mostemperature measurements of the dielectric constant, in the
likely candidates for this continuum are excitations involvingmicrowave frequency range, were recently performed on
two spin flips(as already proposed in the early stage of thea’-NaV,0s by different groups’®® The reported results
investigation ofa’-NaV,0s).%’ show no anomaly, across the phase transition, for the real

In relation to what we just discussed, it is interesting topart of the dielectric constant along theaxis. On the other
note the effect of the opening of a gap, in the optical con-hand, along the axis, a pronounced decrease beléywas
ductivity, on the phonon located at 139 ¢ This can be found. The observed behavior, as a matter of fact, is in very
clearly identified in the inset of Fig. 18), where an enlarged good agreement with the temperature dependence of the os-
view of o4(w) at low frequency is given, for 100 and 4 K. cillator strength of the low-frequency continuum present, in
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the optical spectra, along treeaxis[Fig. 15b)]. This com-

parison is meaningful because the contribution of all possible i+l
optical excitations to the static dielectric constant is just

given by their oscillator strengths. The very good agreement )
of the different results proves, as already suggested by the J
authors of Refs. 57 and 58, that the change in the very low-

frequency dielectric constant is related to electrommag- t j-1
netic degrees of freedom.

ty
E. Charged bimagnons

In the previous section we identified possible candidates
for the 1-eV excitatior{on-rung bonding-antibonding transi- j+1
tion), and for the low-frequency continuum detected on
a'-NaV,0Oy for EL chain(double spin flipg However, we .
also stressed that, for a symmetrical quarter filled two-leg !
ladder system, the bonding-antibonding transition would be t )
at 2t, ~0.7 eV and not at the experimentally observed value I j1
of 1 eV. Moreover, also intensity and polarizatiof I(

chain of the continuum cannot be understood assuming the t,
complete equivalence of the V sites required by the space
group Pmmn In fact, because of the high symmetry, no di- FIG. 16. Cartoon of the electric dipole moment associated with
pole moment perpendicular to the V-O chains would be asa single spin flip ina’-NaV,0s, when a local breaking of symme-
sociated with a double spin-flip process. Therefore no opticalfy in the charge distribution on each rung is assumed. If three
activity involving magnetic degrees of freedom would beneighboring antiparallel spins are laying on the same leg of the
detectable. Not even phonon-assisted spin excitations consitidder (top), the charge of thgth electron is asymmetrically dis-
ered by Lorenzana and Sawatﬁ%ﬁ'zg(where the involved trlbute_d not only over théth rung but e_1|so on the_NN rung[wth
phonon is effectively lowering the symmetry of the system OPPOsite asymmetiy because of the virtual hoppirtg. If we flip
could be a possible explanation for the observed spectra: THE SPin(bottom, thejth electron is confined to thigh rung, result-
crergy i oo ow fo s kind of processes wich, on ther 1SS i Sy on e T g o e dser
other hand, are probably responsible for the weak midfion) of the antiparallel s ir?confi L?ration com gared to tae arallel
infrared continuum in theE|| chain spectrdsee Fig. 18) one P P 9 P P
and, in particular, its insét '

A possible solution is to assume a charge disproportion-
ation on each rung of the ladders without, however, any parvalue which is in very good agreement with those obtained
ticular long-range charge orderiisee Fig. 15 The latteris, from linear muffin-tin orbital band structure calculatioh,
in fact, most probably excluded by the x-ray-diffraction re-and exact diagonalization calculation applied to finite-size
sults and by the phonon spectra of the undistorted phase. It usters>* Combining this number witlEct=1 eV, we ob-
worth mentioning that the assumption of charge disproportain A~0.8 eV. The corresponding two eigenstates have
tionation has been confirmed by calculations of the opticab0% and 10% character on either side of the rung. Therefore
conductivity by exact-diagonalization technique on finite-the valence of the two V ions is 4.1 and 4.9, respectively,
size clusters” Only in this way it was possible to reproduce and the optical transition at 1 eV is essentially a charge trans-
the energy position of the 1 eV peak, and the anisotrop¥er (CT) excitation from the occupied V@state at one side
betweena and b axes(see Fig. 18 We can now try t0  of the rung to the empty @ state at the opposite side of the
interpret the optical data om’-NaV,Og in fthe framework of  ¢5me rung.
the charged-magnon model developed in Sec. IlI. Let us now turn to the infrared continuum detected for

Let us start from the analysis of the absorptlc_)n bant_:i at k| chain. The presence @fo V states (L) and|R)) per
eV. We can model thgth rung, formed by two Vions, with ¢ “a10ng with the broken left-right parity of the ground
the HamiltoniarH o +H;, , as in Eqs(4) and(5), where the  giate on each rung, gives rise to the fascinating behavior of
potential energy difference between the two silebas the  he spin flips described in detail in Sec. Il for the quarter
role pfa charge dlsproport|.or.1at|on parameter: For the SYMfilled single two-leg ladder, and in a pictorial way for
metric ladderA=0. The splltHng betw~een the two bonding a'-NaV,0, in Fig. 16: If in a small fragment of the ladder
and antibonding eigenstatdt) and |R), given by Ect  each spin resides in @) orbital, with some admixture of
= \/A2+4tf, corresponds to the phot@mergyof the optical  |R), the inclusion of the coupling between the rungs, via the
absorption. We see that, &+ 0, the experimental value of 1 HamiltonianH; [Eq. (6)], has no effect when the spins are
eV can be reproduced. parallel, due to the Pauli principle. If the spins form 8n

A second crucial piece of information is provided by the =0 state, the ground state gains some kinetic energy along
intensity of the absorption. We can calculate the integratedhe legs by mixing in states where two electrons reside on the
intensity of the 1-eV peak, in the conductivity data, and thensame rung. In the limit) —«, these states have one electron
take advantage of its functional expression derived in Sec. Ilin the [L) and one in thgR) state on the same rung. As a
[Eq. (9)]. This way we obtain from the spectia |[~0.3 eV, result, there is a net dipole displacement of the singlet state
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compared to the triplet stat€he spin-flip excitations carry a result in the opening of a spin gdwith the same transition
finite electric dipole moment along the rung direction. temperature Among all the models, the more interesting
From the expression for the exchange-coupling constarieem to be those were a zigzag charge ordering on the lad-
calculated in the limitJ —o [Eq.(17)], and using the values ders is realized. In this case, the ordering would immediately
of t, andA calculated from the optical data amtj|~0.2  result in a nonmagnetic ground state, due to the formation of
eV*° we obtainJ;~30 meV. It is significant that this value spin singlets on NN V sites belonging to two different
is comparable to those reported on the basis of magnetigdderd® or, alternatively, to the modulation df within a
susceptibility measurements, which range from 38 to 495ingle ladder®
meV (see Refs. 56 and 1, respectiveljloreover, for the In the discussion of our spectra of the optical conductiv-

effective charge of the bimagnon excitation proc€Es. iy we showed that the infrared continuum, observed per-
(20)], we obtainqy,/q.=0.07. We can also compare the ex- nengicularly to the V-O chains direction, could be attributed
perimental intensity of the spin fluctuations relative to they, girect optical absorption of double spin-flip excitations.
CT excitations to the maximum limiting value calculated for yyo\vever, in order to have optical activity for these processes
this quantity[Eq. (30)]. For the parameters obtained from the 54 4t the same time, to explain the energy position and the
conductivity spectra, the maximum relative intensity isyqarization dependence of the on-rung bonding-antibonding
~0.0014. The experimental value-s0.0008, alf=300 K,  transition at 1 eV, we had to assume a charge disproportion-
in good agreement with the numerical estimate. ation between the two V sites on a rung. This assumption
We can now interpret the temperature dependence of thgsems to contrast the results of the x-ray-diffraction
spin-fluctuation continuum shown in Fig. &: The oscilla- analysid®?2 and of NMR measurement.As far as the
tor strength increases upon cooling the sample from roonfymer s concerned, it is obvious that if the charge dispro-
temperature td ., and rapidly decreases far<T.. Within  h5tionation does not have a long-range character it would
the charged-magnon model, the increase marks an increaggt pe detectable in an x-ray-diffraction experiment, but
in short-range AF correlations of the chains: In fact, _the IN-would still result in optical activity of charged bimagnon
tensity of the spin fluctuations is prpportional to the spin-spingycitations. Regarding the disagreement with the NMR
correlation functiongs(T) defined in Eq.(28). Below Tc,  results!S we saw that the existence of another kind of V sites
NN spin-singlet correlations become dominags is sup-  could not be completely excluded in the NMR spectdim.
pressed, along with the intensity of the spin fluctuqtions. Furthermore, in comparing the optical to the NMR data,
In conclusion, by a detailed analysis of the optical con-there could also be a problem with the different time scales
ductivity, we provided a direct evidence for a local breakingof the two experimental techniquéise., “fast” and “slow”
of symmetry in the electronic charge distribution over thegg, optics and NMR, respectively Therefore if there are
rungs of the ladders ia’-NaV,0s, in the high-temperature  charge fluctuations in the system, as one would expect for a
undistorted phase. Moreover, we showed that a direct tWocharge-ordering phase transition, the experimental results
magnon optical absorption process is responsible for thggyid be different.
low-frequency continuum observed perpendicularly to the From the analysis of the optical conductivity, we cannot
V-O chains. really say which is the more appropriate picture for the phase
transition ina’-NaV,0s. We saw that, indeed, the electronic
V. DISCUSSION and/or r_na_gnetic degrees of freedom are playing a leading
role. This is shown, e.g., by the strong temperature depen-
As we discussed in the course of this paper, the interpredence of the infrared spin fluctuation spectrum which, in
tation of the phase transition ia’-NaV,Os is still contro-  turn, determines the anomalous behavior of the microwave
versial. On the one hand, the SP picture was suggested hiielectric constant’°® However, the reduction of the oscil-
preliminary magnetic susceptibilttyand inelastic neutron- lator strength of the infrared continuum f6 T, which we
scattering measuremert©n the other, x-ray-diffraction re- discussed as a consequence of NN spin-singlet correlations
determinations of the crystal structure of the compound, irbecoming dominant beloW,, could also result from a zig-
the high-temperature undistorted phae? showed that the zag charge ordering on the ladders. In this case, as for the
dimerization within well defined 1D magnetic chains is notperfectly symmetrical quarter filled ladder, the optical activ-
very probable ina’-NaV,0s. Moreover, the magnetic field ity of double spin flips would simply vanish.
dependence df;, expected for a true SP system on the basis In our opinion, for a better understanding of the phase
of Cross and Fisher theofy’, has not been observéd. transition, the pretransitional fluctuations observed with op-
Additional information came recently from NMR tical spectroscopy, ultrasonic wave propagafidand x-ray
experiments? Above T, only one kind of V sitgmagneti¢  diffuse scattering® have to be taken into account. They
was clearly detected, whereas no signature of nhonmagnetjmobably reflect the high degree of disorder present in the
V5" was found. However, another set of magnetic V sitessystem above the phase transition, which is also shown by
which are invisible in the NMR spectrum could not be ruledthe local and “disordered” charge disproportionation neces-
out® On the other hand, below the phase transition, twosary to interpret the optical conductivity. In this context, a
inequivalent sets of V sites were detected and assigned tharge ordering transition, where more degrees of freedom
V4" and \P*. These results were then interpreted as an inthan just those of the spins are involved, seems plausible. It
dication of the charge-ordering nature of the phase transitionyould also explain the experimentally observed entropy re-
in a’-NaV,0s."® Subsequently, many theoretical studiesduction, which appeared to be larger than what expected for
have been addressing this possibifity?® The main pointto a 1D AF HB chairf
be explained is why a charge ordering would automatically Also the degeneracy of the zone-boundary folded modes,
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activated by the phase transition, could be an important piecether strongly correlated oxid&.In fact, even though the
of information. However, at this stage of the investigation ofmagnetism is quasi-2D in these systems, in the stripe phase a
the electronic and magnetic propertiesadfNaV,0s, very  symmetry-breaking quasi-1D charge ordering takes place,
important insights could come from the x-ray-diffraction de-which could result in optical activity for the charged mag-
termination of the low-temperature structure. Probably, onlynons. For instance, in the optical conductivity spectra of
at that point it will be possible to fit all the different results La, ¢S, 3NiO, below the charge ordering transitiéhit is
together and come up with the final interpretation of thepossible to observe some residual conductivity inside the en-
phase transition. ergy gap, whose nature has not been completely understood
so far. Without further experimental and theoretical investi-
VI. CONCLUSIONS gations it is of course not possible to make a strong claim.
) _ ) ) However, the reported features are suggestive of charged
In this paper we have been discussing the high- and lowmagnon excitations. In fact, for the value bbbtained from
temperature optical properties af -NaV;Os, in the energy  the two-magnon Raman scattering on this matéfialirect
range 4 meV—4 eV. We studied the symmetry of the mateyyo-magnon optical absorption is expected in the same en-
rial, in the high-temperature undistorted phase, Comparingrgy range(i.e., from zero to~0.2 eV) where the residual
the different crystal structures proposed on the basis of X-rayr,cture has been experimentally obserted.
diffraction®*°~*?to our infrared phonon spectra. We found — pyshing the speculation to its limit, one could imagine
that the system is _better described_ by the centrosymmetrig,at even the local breaking of symmetry introduced by a
space grpup?mglrl;zm agreement with the recent structure single impurity in an AF could result in optical activity for
redeterminatiort”~*?On the other hand, by a detailed analy- pre spin-flip excitations. One particular system where this
sis of the electronic excitations detected in the optical consityation is probably realized is Zn-substituted ¥BaOs,
ductivity, we provided direct evidence for a charged disproynere zn is introduced in the Cuylanes. In the cuprate
portionated electronic ground state, at least on a local scal%rem compounds direct bimagnon optical absorption is not
A consistent interpretation of both structural and optical conjowed due to the inversion symmetry; only phonon-assisted
ductivity data requires an asymmetrical charge distributionnagnetic excitations are optically active, whenever the in-
on each rung, without any long-range order. We showed thay,gyed phonon is lowering the symmetry of the system. In
because of the locally broken symmetry, spin-flip excitationgaet, phonon assisted bimagnon excitations in the mid-
carry a finite electric dipole moment, which is responsiblejfrared region were detected on both YBa,Oy and
for the detection_ of _charg_ed bimagnons in the _optical SPECYBa,Cu, gZng 1:06.6° But on the Zn substituted system it is
trum for EL chain, i.e., direct two-magnon optical absorp- yossible to observe, in the optical conductivity spectra, vari-
tion processes. By analyzing the optically allowed phonong,s features with frequencies coincident with those of pure
at various temperatures below and above the phase trangjsyple spin-flip excitations and therefore most probably as-

tion, we concluded that a second-order change to a larg&fiipaple to direct charged bimagnon absorption procéSses.
unit cell takes place below 34 K, with a fluctuation regime

extending over a very broad temperature range.

The charged-magnon model we have been discussing in
this paper has been developed explicitly to interpret the pe-
culiar optical conductivity spectra af’-NaV,05. However, We gratefully acknowledge M. V. Mostovoy, D. I. Khom-
our opinion is that the importance of this model goes beyondkii, T. T. M. Palstra, and G. A. Sawatzky for stimulating
the understanding of the excitation spectrum of just this pardiscussions. We thank D. Smirnov, J. Leotin, M. Ginger,
ticular system. We expect this modgbviously in a more P. H. M. van Loosdrecht, and M. J. Rice for many useful
general and rigorous formo be relevant to many of the comments, and C. Bos, A. Meetsma, and J. L. de Boer for
strongly correlated electron systems, where the interplay odissistance. Andrea Damascelli is grateful to M. Picchietto
spin and charge plays a crucial role in determining the low-and B. Topifor their unlimited cooperation. This investiga-
energy electrodynamics. tion was supported by the Netherlands Foundation for Fun-

At this point we would like to speculate that a specific damental Research on Matt&OM) with financial aid from
case where charged magnon excitations could be observedtlse Nederlandse Organisatie voor Wetenschappelijk Onder-
the stripe phase of copper oxides superconduttensd of  zoek (NWO).
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