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Charge kinks are considered as excitations in a quarter-filled charge-ordered ladder. The strength of the
coupling of the kinks to the three-dimensional lattice depends on their energy. The integrated intensity of
Raman scattering by the kink-antikink pairs is proportionadtoor ¢*, where¢ is the order parameter. The
exponent is determined by the system parameters and the strength of the electron-phonon coupling.
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An interplay of spin, charge, and lattice degrees of freetion between the carriers is not very strong, the generalized
dom drives a variety of phase transitions in ladderliket-J model already contains the essential physics necessary to
compoundg. The best known examples of these systems arelescribe the laddefsin view of the large doping in the
half-filled SrCy0O; and Si,Cw404, Where the magnetic quarter filled ladderga depletion of 1/4 hole per magneti-
properties are determined by- 1/2 spins at the Cu sites with cally active sit¢ the excitations in the charge ordered state
a superexchange interaction arising from hopping via oxygeshould again be considered within a nonlinear framework. In
orbitals. Ca substitution on the Sr sites introduces mObllQl‘"s paper, we Study the excitations in a Charge ordered
holes and leads to superconductivity in, §8a15C4Os1  quarter-filled ladder system with strong coupling to the lat-
under pre_s_suré.‘l’ he pairing interaction has a magnetic ori- tice. The elementary excitations are charge kinks involving
gin since itis favorable_to bundlupalocal spin smglgt of.two ion displacements. We establish a mechanism for Raman
holes if the exchange interaction overcomes the kinetic engcaytering from these excitations and calculate the scattering

ergy effects Another class of ladders are the half-filled intensi hich is found to be stronaly dependent on the
vanadates such as Ca%; and Mg\, Os, where spins 1/2 are grder gr;\lmleterl . gly dep

Ecﬁ:s/%tt?se\]{ 54';23”' dALR}oga 'rxf}ﬁﬁtws\/?@gaﬂcﬁgrﬁ d%'\len In a quarter-filled ladder each rurigis occupied by a
y Nava s (e 2o Py %:hargeQi:QéLH—Q!R):l, where|L) and|R) denotes the

as a common structure element with the half-filled vanadates:. ! . .
As follows from the chemical formula, the mean charge of V eft and right leg state, respectively. The electronic degree of

in NaV,0s and LiV,Os is 4.5. Although similar in stoichi- freedom is the hopping of the charge between two ions of a
ometry and unit cell structure, these two compounds havéng described by a matrix element. Hopping between
strikingly different physical properties. In LiDs, the v Nearest-neighbor rungs is prohibited since it requires the en-
ions are arranged in parallel chains of nonmagnefit ¥ind  ergy of approximately & to put electrons from two binding
magnetic VV*. In NaV,0Os all V ions are equivalent, making two-site states, with the energies oft, each, to two one-

it a rare realization of the quarter-filled ladderOnly for  site states at one rung. The wave function of an electron on a
temperatures below.,~34 K (Refs. 6,7 the compound rung has the formy, = o |L) + ag|R), wherea?+ a3=1. In
undergoes a charge ordering transition into a spin-gappeghe disordered phase = — ag= 142.

phase, which is due to an interplay of charge, spin, and lat- The total energy of the systeB,=U .+ K+ U is the

tice_ degrees of fret_edoﬁﬂt has been prpposed that the spin- sym of the correlation energy,,, due to the repulsion of
lattice interaction in NayOs (Ref. 9 is due to a strong  glectrons at nearest-neighbor sites described fy; the ki-
electron-phonon couplinf:** netic energyK, and the lattice ternt ,, which includes the

Low-energy excitations in the ladders related to charggjectron-phonon couplindJ.,, is the sum over the nearest
and spin degrees of freedom and having energies less th ighbor interactions of the typeV r(Q|L>Q\L>
co i 1+1

0.2 eV, are well suited for investigations by light scattering R)~|R . L AL : L
spectroscopy?*3 However, the mechanism of their Raman +Q >.Q!+>1)' With ;= = Qi —~1/2, this coptnbungn can
activity, being strongly related to the way they modulate theP® Written as:Uco=VeoZidibir1, Where ¢i=—d;" has
crystal's polarizability, requires a detailed investigation for P&en used. The 5'”9""“3 energy per rung can be expressed as:
each excitation. Ki=—t, +2t (¢2+¢}). The lattice terr'® has the
Since the ladders are one-dimensional systems withlolstein-like form U,=CS ¢z + 3z /2. The elastic
strong interactions, nonlinear models appeared to be vergontribution to the energy due to a displacemgntof the
useful for investigations of charge and lattiée,and ions at rungi and legl is 1/22i’|KZi2’|, with lattice force
magneti¢®1® excitations. At small doping, when the interac- constant«=M?, whereM is the mass of the atonf) the
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tic” limit, where u—sy, the condition, {)>1 cannot be
fulfilled and the lattice becomes “rigid” due to the Lorentz
contraction of the kink width~1/vy .

To understand the difference between a soft and a rigid

zig-zag ground state in-line ground state
lattice, let us consider the conditian(}>1 in more detall

—— Let us assume first that the “light” velocity,, is large
iy enough so tha@)/ ¢\ Si<1. In this case the limiting ve-
tleg|Ly ——— Hink exclietion locity Upmay, determined by the conditiom~Q ™2, is Upax

leg ~O pray N <Siz. At U>Upg, the kinks become decoupled
from the lattice and propagate on the background of ions

FIG. 1. () Displacements of V iongproportional to the length displaced as in the equilibrium charge ordered state. The
of arrow) in the zig-zag ground state and in a kinklike excitation. Order parameter for the rigid latticeg=(Veor—t,)/2t, is
The radii of the grey circles correspond to the charges of the V ionsdetermined by the electronic subsystem only, and the
(b) The same for the in-line ordering) is presented for compari- “light” velocity s> sy, since the ions are not involved in
son to(a). the kink motion anymore. It seems that the excitation energy

drops down to approximatele = E >/ 5, and becomes

vibrational frequency, and is the deformation potential. weakly u dependent. However, due to the increase of the
The static ion displacement minimizingU,;; is  “light” velocity, the Lorentz contraction disappears and the
zi=—(C/k) ¢;. soft lattice regime is restored. This fact implies that the lat-

The equilibrium state of the system minimizEg;. The tice becomes rigid only for the fast kinks with close to
result is a zigzag ordered stafe™ with the order parameter /¢,/\. In other words, there are no kinks in the interval
¢i=dia(—1)', where ¢ét: [2(Veor—t.) +Viud/4t, , and Q/ ¢Iat\/XSUSQ/¢eI\/X-
Viar= C?/ k. The subscript “lat” serves as a reminder thatthe  In the opposite case whed/ ¢,/A S, 1, the lattice be-
lattice is involved in the charge ordering. The phase transicomes rigid wheru,,,, is very close tos;, such thats,

tion occurs when YeotVig>2t, . _ _ — Unax<Sal(Q/ dray\Sia) ~ 2. Therefore, the kinks involving
In order to study the dynamics, the enekgyy; is rewritten  |attice displacements are well defined up to high energies
in a continuum approximation, with a time-dependent ordelg, ~E_ 0/ ¢,/As,. Here the gap in the allowed is

max

determined bys,<u<Q/pey/\. If Veo<t, , the kinklike

electronic excitations are not well defined being strongly
o overdamped, and the “rigid lattice” electronic part of the

E[$]=Veoaf f [(9¢lsiadt)*+ (91 9y)? spectrum is absent. _ _ _
— Now consider light scattering by the kinks. These excita-

parametekp(y,t) that slowly changes along the ladders. The
energy acquires a form typical for the standartifield?°

dy tions modulate the charge density and the crystal’s dielectric
N (2= p2%2]—, (1)  function €27, wherew is the light frequency, an@ and 7
q are Cartesian indices, thereby causing inelastic light scatter-
where 162,=MC? /VCO,a‘ k2 with a bemg the lattice con- iNg at frequencies equal to the excitation energy.

stant along the ladder, and=4t, /V ,a?. The d¢/at term The variation of the dielectric function is proportional to
in Eq. (1) arises due to the k|net|cco eHnergy of the V ions the square of the order parameter, and can be written for one

which displacements follow their charges sinde;/dt rung as(the Cartesian indices are omitied
=—(Clk)dg¢;/dt. The ground state folE[p] is &(Y) p

==+ ¢ The classical excitations within this model are 2y _ 2 _ %0, 2 2 _ 3
kinks and antikinks of the form €ol$1)~ €ul Pial (47~ Pial ®

y—ut The change of the dielectric function per kiky,t) from

N .
ply)== ¢|attanh¢|at\[§\/ﬁ- (2 Ea.(2is
lat

J d J
Here u is the kink velocity, and its energ¥,= yaEa Afkink:iu;f [¢2(y,t)—¢ét]—y=—2\/§—ezﬂ-
whereE =42 t, VoS3, andyu=1/\/1—u?/sz,. The d¢ 3 I$? Yian\ay

density of states of the one-kink excitation is given by:

v(E):E/ws,at\/Ez—EFat. The displacements of ions in the @

ground state and in a kink excitation are shown in Fig. 1. With increase of the energy €.« decreases due to Lorentz
The above consideration is valid for a “soft” lattice, contraction of the kink width.

where ion displacements follow the electron redistribution Because of the very small photon wave vector, Raman

during the kink propagation. The “soft” lattice condition is scattering probes excitations with zero net momentum.

7{1>1, where the timer, characterizes the rate of the Therefore, the Raman active quasiparticles are kink-antikink

change of the order parameter. It is determined by the kinlpairs with velocitiesu and —u, respectively. The corre-

width W~ 1/y,54ba/N as e~wy/u. In the “ultrarelativis- sponding contribution of the kink-antikink pairs to the polar-
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FIG. 3. Schematic plot of a part of the crystal structure of
NaV,0s. Na ions are not shown in the figure. The Holstein-like
interaction arises due to the asymmetry of the unit cell related to the

FIG. 2. The order parametef(y,t) in kink-antikink pairs for  position of the O3 ion.
different kink energiequpper panel and absolute values of the
changes in the dielectric functiofiEq. (3)] caused by the pairs
(lower panel for time t, (solid line) andt,;>t, (dashed ling (a)
Kink energyE,, (b) kink energyE,>E;.

The relevant part of the unit cell of the quarter filled lad-
der compound Na}Os is shown in Fig. 3. The Holstein-like
electron-phonon coupling is due to the O3 ions located either
izability €27 is shown in Fig. 2 for two different kink ener- above or below the V-O-V rungswith the hopping matrix

gies. The measured spectral density of the scattered ligilementt, ~0.35 eV. Coupling to the lattice favors the
p(E) as a function of energy transfer to the systédaman charge ordering sinc¥,>0, however it does not drive the
shift) is proportional to the probability of the excitation of transition itself since in the absence of correlations the lattice
the pair with the total energfE=2E,. Since the Raman is stable, that, i&/,,<2t, .°

scattering is a process of the decay of the incident photon The charge ordering parametey,, determined from the
into a continuum consisting of the scattered photons aneghagnetic susceptibility is approximately G2Another pos-
electronic excitations, its probability is given by Fermi's sibility to find ¢y, is provided by structural datawhere one

golden rule as finds |z]~0.04 A. Assuming C=5 eV/A, and Q
) =400 cm ! one obtainsk~40 eV/A? V,~0.6 eV, and
Piink(2E) =27 v(E) (A €ini) d1a= (k/C) z;=0.3. We accept this magnitude «f,; for
ge \2 pr. further estimates and fdr, =0.35 eV, andV.,=t, obtain
= (_‘”) lat . (5) Ei.r=20 meV. Therefore, one can expect a depletion in the
I?| NSV Va1 scattering intensity for the Raman shift less thaR,2

=40 meV, in agreement with the experimental d&tahe

chosen model parameters aag=4 A vyield Q/(ﬁkﬂ\/Xs,at

~10, that is the lattice is soft up to high kink energies. This

fact justifies an extension of the integration in E) to

infinity. Considering the kinks, we neglected the interaction
e \2 42 between different ladders. As we established abové&/ gt

w € A A i .
lkmk:f pkink(ZE)dEZSW( _c;) lat ©6) <t, , the “rigid lattice” part of the kink spectrum is absent.

The spectral density of the scattered light in E8). has a
threshold at E,,, (Ref. 21) and decreases &>E,, asE 2.
The integrated intensity of the Raman continuum of kinks in
the “soft” lattice can be written as

NaSy We assume that this is the case in N&Y since V.,
+V,/2—1t, should be considerably smaller than to en-
The integration in Eq(6) was extended to infinity leading to sure a small order parameter. For this reason we did not
ik~ PeErar~ dig- This can be done i)/ ¢As>1,  consider scattering by the high-energy kinks uncoupled to
which is, as we will see below, the case for N®4. In the  the lattice.
opposite case of)/ ¢ ,/AS<1, the integration should be To have a reference point, we compare the spectral den-
performed up toE(Q/$.n/N), which is close toE, that  sities of the two-kink scattering and two other Raman pro-
yields | i~ ¢’|iu- cesses relevant for this compound. The first one is the first-
Let us now discuss a contribution of the kink-antikink order phonon Raman scattering. The estimate of spectral
excitations to the Raman spectra of N&¢, which contains ~density at the phonon peak maximum is given py,
a continuuri®!3 and several phonon peaks. The changes at- (d€,,/9Q)*(zo/a)%a)/T’, where Q is the ratio of the ion
T<T., manifest themselves by changes in the phonon fredisplacement to the characteristic lattice constamt, is the
quencies and line shapes, and by the appearance of new #ero-point vibrational amplitude for the mode, ahds the
tense peaks. Some of these peaks are vibrational mod@§onon linewidth. The other mechanism is two-magnon Ra-
while others can be attributed to magnetic excitatitriBhe ~ man scattering due to the frustrated superexchange interac-
modification of the continuum consists of two effects: ation. Although the scattering intensity depends on many
depletion at the spectral range up to 30 meV and a moderaetails’* an estimation within the Fleury-Loudon theGty
redistribution of the spectral weight at higher energies. Thigan be done agmag~ (J/Eq)%a/J, whereJ is the superex-
observation implies that the Raman scattering mechanism ighange and, is of the order of magnitude of the interband
the ordered and disordered phases must be virtually thigsansition energy. By taking into account tl"sgta”’l~9,
same, despite the different character of the excitations.  the ratio of intensities can be estimated as

lat
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de, 2 2 [ 9e,\225\21 [ 3121 rameter in the fqrm of dynamical gharge ordering persist up
Pink - Pph*Pmagr™ | 75 U: 50 la F: 3 to T~80 K, as it was observed in Raman spectroscdpy,
I 0 structural x-ray scattering}, and spin resonant® experi-

() ments. However, at present, it is hard to separate the contri-
An reasonable value fate,,/d¢? is about 0.1, that is for the butions of the charge fluctuations and the two-magnon scat-
fully ordered state the change in the dielectric functiontering to the Raman continuum.
would be about 0.1. This is consistent with the ellipsometric  In conclusion, we investigated the low-energy kink dy-
data on NayOs.2%?” Equation(7) does not contain an evi- namics and Raman scattering by kink-antikink excitations in
dent small parameter which could allow to discriminate reli-the charge ordered phase of a quarter-filled ladder with
ably intensities of the different contributions. Dominating strong coupling to the lattice and considered Nay as an
phonon peaks arise due to their small damplhgQ~J  example. The spectral density of the scattered light and the
rather than due to high efficiency of the phonoanamaz1 SCalsverall scattering intensity by kink-antikink pairs very
tering. For realistic parametedg,, /0Q=1, (zo/a)"=10"",  grongly depends on the charge order parameter. The mecha-
andl’=2 meV, py;, at the phonon peak is of the same orderpigm corresponds well to three observed features of the con-

of magnitude agyin at E~2E . This corresponds well 10 jn,um: (i) spectral range(ji) depletion at Raman shifts less
the experimental dat¥, especially for the light polarized then 30 meV, andiii) relative intensity to phonons.

along the rungs, assuming that the continuum in Nag/is Note added in proofRecently, R. Valentet al** reported
formed by the kink-antikink excitations. The two-magnon 4 regyt of calculation of the electronic structure of bOZ
mechanism is responsible for the Raman background ione within the density functional theory. The results have
LiV 505, where the kink-antikink pairs cannot be e+xc_|ted dueshown that a quarter-filled ladder with the in-line charge or-
to long-range order of nonequivalent'V and V** ions. dering paramete,,,~0.2 can be a relevant model for this
In this compound the continuum is weak compared to;ompound. The contribution of the excitations corresponding
phonons® however, their relative spectral densities are ofto the fluctuations of the charge ordering in LI to the

the same order of magnitude as in N&¢ when the incident  Raman spectra is an interesting problem that remains to be
and scattered light are polarized along the ladders. investigated.

At T>T,, the low-energy electronic excitations are long-
ranged overdamped fluctuations of the order parameter This work was supported by the DFG through Grant No.
coupled to the dynamical lattice distortion. These excitationsSFB341. E.Ya.S. acknowledges support from the Austrian
have the same mechanism of Raman scattering as the kinkcience Fund via the Project Nos. M534-TPH and M591-
antikink pairs considered above, that is modulation of theTPH and valuable discussions with P. Monod, S. Ravy, and
polarizability due to intrarung charge fluctuations leading toD. Singh. P.H.M.v.L. acknowledges support by INTAS
a broad intense continuum. The fluctuations of the order pafGrant No. 99-015pb
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