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Anisotropic charge modulation in ladder planes of Sk,;_,Ca,Cu,,0,4,
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The charge response of the ladders in,S€aCu,40,; is characterized by dc resistivity, low frequency
dielectric, and optical spectroscopy in all three crystallographic directions. The collective charge-density wave
screened mode is observed in the direction of the rungg=£d, 3, and 6, in addition to the mode along the
legs. Forx=8 and 9, the charge-density-wave response along the rungs fully vanishes, while the one along the
legs persists. The transport perpendicular to the planes is always dominated by hopping.
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The physics of doped Mott-Hubbard insulators challengegerning the charge-ordered ground state in the ladders of
conventional theories of metals and insulafof$e effect of  Sr;,_.CaCu,,0,4;. Our results give evidence that the CDW is
strong Coulomb interactions produces a rich variety of exotiawo dimensional with an anisotropic dispersion: the long-
ordering phenomena, which have been the focus of intenseinge charge order develops only in ladder planes, leading to
scientific activity in recent years. The spin-chain and laddeg screened collective response along the both legs and rungs
self-doped compound §r,CaCu,4 04, has attracted much of the |adders.
attention since it is the first superconducting copper oxide The dc resistivity of Sy, CaCuy,04; (Xx=0, 3, 6, 8, 9,
with a nonsquare latticé.Theoretically, in doped two-leg gpqg 11.5 was investigated in the temperature range 2 K
Cu—O ladders, superconductivitC) is tightly associated 1700 K. The complex conductivity was measured in the
with the spin gap and in competition with charge—densnyfrequency range 0.01 Hzr<10 MHz, using several set-
wave (CDW)'3 While both the spin gap apcé CDW were es- ups. At frequencies’=6-10 000 crit* 'Ehe complex dielec-
tablished in the ladders of 5r,CaCu,04,,"the relevance tric function was obtained by a Kramers-Kronig analysis of

pf t_hese_t objeqts o el_e ctron_ic prc.)pertie.s and superconducti\{he infrared reflectivity and by measurements of the complex
ity is still subject of intensive discussion. Recently, it was ransmission  coefficient at the lowest frequencies

shown, on the basis of dielectric response data, that substj- Y . hiah i
tution of SP* by C&* gradually suppresses the insulating ©—20 ¢cm". All experiments were conducted on high-quality

CDW phase, which eventually vanishes for 9, Ref. 7. In single crystals along the three crystallographi_c agdsiong
contrast to these results, dynamical Raman response oH1€ legs, a (along the rungs andb (perpendicular to the
served above RT fax=0 was assigned to CDW fluctuations ladder planes
and found to persist in the metallic phasexsfl2, a system Figure 1 shows the conductivity spectra in a broad fre-
which becomes SC under presséire. quency range parallel to the rundsja. Forx=0, 3, and 6 a

It is of particular interest to learn more about the nature ofstrong T-dependent relaxation of the dielectric function
CDW order in the spin ladders, which presents a nice experie(w)=¢’+ie" is found (see the inse}sFits by the general-
mental system of strongly interacting electrons. Although thézed Debye expression(w)—eur=Ae/[1+(iwT)'™] yield
ground state for & x=<9 reveals a number of well-known the main parameters of this relaxation: the dielectric strength
fingerprints of the conventional CDW, such as the pinnedde=go—eue=~10® (g is static ance is high-frequency di-
phasofl and the broad dispersion at radio frequencies due telectric constant the symmetric broadening of the
screening of the CDW by free carriets, its origin is cer-  relaxation-time distribution given by 1a=0.8, and the
tainly more complicated, since the system does not undergomean relaxation timey, which closely follows a thermally
metalto-insulator but aninsulatorto-insulator transition. activated behavior similar to that of the dc conductivity. The
The role of Ca substitution is another open issue. Suppreshelectric response sets in below the phase transition tem-
sion of the CDW phase was ascrifed worsened nesting peraturesT,=210 K (x=0), 140 K (x=3), and 55 K(x=6)
conditiong® implying that the system becomes more 2D al-in the same manner as found parallel to the legs of the ladder
ready at ambient pressure for largeOn the other hand, it (see Fig. 2 in Ref. J{ only the dielectric strengthe along
was suggested that at ambient presstoeall x) the charge the a axis is much smaller than that fé&llc (Fig. 2). This
dynamics is essentially one-dimensiciial (1D) and that analogy suggests that the same mechanism, i.e., the screen-
only the application of pressure induces the dimensionaing of a CDW phason, is responsible for the ac properties in
crossover from 1 to 2. both directions of Sy_,CaCu,40,4, parallel to the legs and

In this Report, we address these important questions corte the rungs of the ladders. For higher Ca conten8 (not
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104 FIG. 2. Representative Cole-Cole plots of the dielectric disper-
sion, connected to the anisotropic collective CDW response of
- Sr4CaCuw4044 for x=0 (left pane) and x=3 (right panel with
’a“ 10* the Ellc (along leg$ andElla (along rungs Note that plots for the
Q response along theeaxis are blown up 10x=0) and 5(x=3) times.
g 10? Full lines are from fits to the generalized Debye expression. The
2 intersections of the arcs with’ —er axes indicate the values of
=100 Ae.
9
-§ 102 gested from their optical spectra the existence of the metal-
S to-insulator phase transition both along thanda axes. The
= 10+ phonon bands become less pronounced for higher Ca con-
tentsx due to screening by free carriers. At Iowonly a 12
102 contribution(Fig. 1, dash-dot lineof the low-energy phonon
wing is observed.
100 We now compare the dc transport properties along all
three directions. The upper two panels of Fig. 3 reveal that
102 the phase transition temperatures when measured along
St CacCuO J eap ] the c and a axes, are equal in value and have the same
BETETT ; dependence on Ca contentThe same holds for the energy
10* - Ella J 7 gaps in the insulating phase aboWe and in the CDW
s 7 x=9] ground state, which are both isotropic and show the same
106 p M T /T dependence or. The energy gaps become larger when go-
1012 108 104 100 104 ing from high temperatures into the CDW phase, indicating

that an additional gap opens far< 6 (Table ). While in a
standard CDW, a transition from a metallic state to an insu-
lating state is observed due to the opening of an energy

complex dielectric functionreal ¢’ and imaginarys” part9 of gap;in the prese_nt case the t_rans_port in the higphase is .
St4.,Ca,Cl,,0,; along thea axis for Ca contents=0, 3, and 9 at aIreaQy nonr.ne.talllc. We explain this by glectron—electron in-
a few selected temperatures. Strahgependent relaxationlike dis- t€ractions within the ladder plane, leading towards a Mott
persion ofs’ ande" (insets, the full lines are from fits to the gen- insulator. We remind the reader that the band filling in the
eralized Debye expression, see Jeseen also as a smooth increase ladders is close to 1/2 and the on-site Coulomb repulsion is
in the conductivity spectra, is a fingerprint of the screened CDWU =34 eV, sothatU/4t>1. CDW order in such a system
collective response. This response is observed aT4ll, for x ~ Of strongly interacting charges might fall between the two
=0 and 3, but not fok=9. Decrease of the infrared conductivity at well-defined limits: the CDW order of itinerant charges and
low T corresponds to the opening of an energy gap. At the loWest the charge order of localized charges. The transition broad-
only the lowest-frequency phonon tail is seen and represented witens substantially with increasing as reflected by an in-
the dash-dot? line. The arrows denote the dc conductivity. Dotted crease of the transition width and a decrease of the peak
lines are guides to the eye. height ofd(In p)/d(T™) (Fig. 3. The broadening might be

shown) and 9 the analogy breaks down since no such disperqtmbmed to disorder introduced by Ca substitution; a well-

sion is detected foElla down to 4 K. In the third direction
(Ellb), we find no signature of a CDW-related dielectric re- Of Sf4,CaClyO04y Activation energieshr in the highT insulat-

sponse at any Ca content. ing phase, are from dc measureme and Ayt are obtained
The energy gap associated with the CDW formation i%/vigt;hpboth theEllc andElla. Hew HT

also seen in the infrared spectra telfa, where the conduc-
tivity at the lowest frequencies decreases upon cooling. The
estimated gap values for differextcorrespond well to those
determined from the activated dc resistiviig. 3 and Table  A.p,, [meV] 13045 110+5 30+4 8+1 305
); the values are also close to those found BdiC. It is A [meV] 90425 80+20 30+6 16+2 1042
worth mentioning that Ruzickat all? have already sug-

Frequency (cm™)

FIG. 1. (Color online Broad-band spectra of conductivity and

TABLE I. CDW gapsAcpw are from dc and ac measurements

x=0 X=3 X=6 X=8 x=9
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Temperature (K) in a 2D system of coupled chains, CDW develops according
to the ordering vecto®. An ac electric field applied either
parallel or perpendicular to the chains couples to the CDW
developed alon®™! resulting in an anisotropic dispersién.
Indeed, we find that the radio-frequency loss peak centered at
7, decays Arrhenius-like for both directiori&|c and Ella;

71 these are well established features to characterize the CDW
] phason screened response. The dielectric strength of the loss
peak found along tha axis is about 10 times smaller than
the one observed along tleeaxis, which corresponds to the
single-particle conductivity anisotropy. Based on this aniso-
tropic dispersion in the radio-frequency range, we may ex-

3 10%

3 108

T: trapolate from the standard phason dispersion in 1D, which
3 310 connects the screened loss peak centeredghtto the
= ] unscreened pinned mode @f (Refs. 7 and 14to the 2D
& , case. Assuming that CDW effective mass anisotropy is given
S 0 10 20 30 40 50 150 250 by the band mass anisotrofy,we get an estimate of
T (1/1000K) T K) the pinning frequency of the CDW along the rungs:
0 200 120 05(@)=05(0) X [04d©)/ 74(@) ] X [Mpand ©) Mpand@) ] Tak-
! ! Bl —F iNg Myand ©)/Myand@) =0.1, Ref. 16,0Q4(c)=1.5-1.8 criit,
4000 x=0  Efle YT e — Ref. 9 and oylc)/oy(a)=10-30, we find Qo)
! A S /// Efle ~1.5-3.5 cm’. Indeed, a thorough analysis of the relevant
g Flk _\ < T data in Ref. 9 identifies the pinned mode along rungs at
2000 5 - Qy(@)=1.5 cmL.
-  (1/1000K) Our findings indicate that a CDW develops in tfea)
3 | IS S S W |
0 5

ladders plane with a 2D long-range order. Further, we ad-
dress the robustness of the CDW inside the phase diagram of
Sn4,CaCu,0,4. Ca substitution quickly suppresses the
FIG. 3. (Color onling Upper and middle panels: dc resistivity length scale at which the 2D CDW in the ladder planes is
logarithmic derivatives of $5_,CaCu,,0,; for different Ca con- developed, as the broadening of the CDW phase transition
tentsx along thec anda axes;x=8 is multiplied by 2, for clarity.  indicates. Foix=8 the absence of the peak in dc resistivity
Full lines are guides for the eye in the transition range, while abovdogarithmic derivative suggests that the long-range order in
and below they are based on the fits toplvs T™X. The arrows  planes is destroyed; subsequently the CDW is able to re-
indicate the CDW phase transition temperatligeLower panel: dc  spond only along the legs of the ladders before disappearing
resistivity (inse and corresponding logarithmic derivatives of completely from the phase diagram for-9. The picture in
Sr14Cx404; alongc (dashed a (solid), andb (dash-dot lingaxes.  which CDW fluctuations and a gap of 185 meV persist for
The peak ind(In p)/d(T™?) as a signature of the phase transition is 5| x (including metallicx=12) at T>300 K, Ref. 8, is dif-
observed in théc,a) ladder plane, but not perpendicular to them ficylt to reconcile with our data. This picture also meets dif-
(along theb axis). ficulties because the changes of the unit cell parameters
and ¢ (at RT), induced by Ca substitution, are small and
known effect in quasi-1D compound&Finally, for the pure  comparable in siz& More importantly, we find that the con-
compound(x=0) the dc resistivity along the third axBllb  ductivity anisotropy almost does not vary with Ca content at
(lower panel of Fig. B shows that the activation energy is high T; it is T independent for &x<8, and becomes en-
much larger at hight (190 meVj and becomes smaller with hanced at lowT for x=9 and 11.5:'18No increase in di-
decreasing temperature. Fge=3 (not shown there is a mensionality indicates that standard nesting arguments can-
single activation in the whol@ range. This simple activation not explain the suppression of the CDW by Ca substitution.
process indicates that the charge transport perpendicular Therefore, we propose an alternative scenario based on the
the ladder planes happens via nearest-neighbor hopping, &sv-doped Mott insulator nature of the highphase from
expected between disordered chains. Since no peak @fhich CDW in the ladders originates. According to this sce-
d(In p)/d(T™Y) is found in theb direction, the CDW does not nario, CDW phase is suppressed by Ca substitution by the
develop a long-range order in 3D. These findings are in acdeviation from half filling(which might be induced by even
cord with our optical data, as well as data by Ruziekal,'>  slight increase of the hole transfer into the ladgieas well
which indicateT-independent insulating behavior along the as by an increase in intraladder overlap integrals, wWhéft
axis, distinct from the charge dynamics in the ladder planesdecreases. Changes of the intersite Coulomb repulsion, due
Our observations have several implications. Generally, irto an increased coupling between ladders and cHaimsght
a 1D metal one expects the development of a CDW onlyalso influence the stability of CDW phase. The similar rate
along the chain axis. Hence the existence of the loss peak &y which charge order, associated with the 2D antiferromag-
the signature of the screened phason relaxation in the perpenetic dimer pattern, in the chains is supressed, is striking.
dicular direction(along the rungsis surprisingt* However, The same arguments can be applied to explain gradual sup-
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T (1/1000K)
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pression of the higA- insulating phase. However, CDW In conclusion, we demonstrated that within the ladder
phase is clearly less robust and the influence of disorder inplanes of Sy,,CaCu,,0,;, the charge undergoes two-

troduced by Ca substitution at Sr sites plays an importangimensional ordering, whose length scale is quickly reduced
role. Tsuchiizuet al. have recently derived the model for py ca substitution due to an increased disorder. Similar to a

two—.legcextlendgd Hu?pggg_l!ﬁdderhwith EOtr:j on-site a”dhm'CDW, the collective excitations of this charge order possess
tersite Coulomb repulsioft. They show that decreasing the anisotropic phasonlike dispersion, which we detect as

latter, together with increasing the doping, destabilizes th%road screened relaxation modes along both the rungs and

CDW and p-density wave, which coexist in the phase dia-
gram, in faelor of tr):aj—SC state. P legs of the ladders. We propose that the charge-ordered phase

The charge-ordered phase in the ladders oianishes at high Ca leve(z>9) due to an increased devia-

Sr4,CaCu,,0,; belongs to the class of broken symmetry tion from half filling and an increase in intraladder overlap
patterns, predicted theoretically for strongly correlated elecintegrals wherlJ/4t decreases. At this point, angle-resolved
tronic systems, including charge and spin density wavegphotoemission studies of momentum-resolved gaps and self-
both of the site and bond order, anddddymmetry?®?'How-  energies as a function of temperature and Ca substitution
ever, there is no theoretical prediction about collective excicould help in understanding the mechanism responsible for
tations in these phaséexcept for the CDWand how they producing this charge-ordered state. Also, further experi-
should respond to applied dc and ac fields. ual?®  ments have to clarify whether such a dispersion is a unique
showed that charge-ordered phases in two-leg ladders at lofature of the charge order in ladders or whether it is com-
doping levels can develop only quasi-long-range order due tghon to quasi-2D systems with charge order.

degeneracies appearing in the systems away from half filling.

Indeed, the CDW transition in the ladders of We thank A. Bjeli§, P. Littlewood, and P. Monceau for
Sr,4CaCu, 0,4, is ten times broadefeven in the Ca-free useful discussions and G. Untereiner for the sample prepara-
compoundx=0) than expected® indicating that true long- tion. This work was supported by the Croatian Ministry of

range order is probably never reached. Science and the Deutsche Forschungsgemeinschaft.
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