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Quasiparticle dynamics and in-plane anisotropy in YBaCuzO, near the onset of superconductivity
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We report on an infrared study of carrier dynamics within the €pl@nes in heavily underdoped detwinned
single crystals of YBgCusO,. In an effort to reveal the electronic structure near the onset of superconductivity,
we investigate the strong anisotropy of the electromagnetic response due to an enhancement of the scattering
rate along thea axis. We propose that the origin of this anisotropy is related to a modulation of the electron
density within the Cu@ planes.
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The physics of Mott-Hubbar@ViH) insulators is at the 6.40 samples are superconducting with transitio at 13
focus of current research in part because of a variety of enigand ~2 K, respectively, determined from the dc resistivity
matic ground states that can be initiated through doping ofmeasurement shown in the inset of Figa)I'® At lower dop-
these systemSA particularly interesting example is high:  ings the ground state of YBCO is antiferromagnéti¢5An-
superconductivity which is triggered by doping of MH insu- nealing under the uniaxial pressure aligns chain segments
lating cuprates and is believed to originate from strong corgjong theb axis in nonsuperconducting YBCO crystals. All
relations among the doped hofe3o elucidate the uncon- samples show an in-plane anisotropy in resistivity, with
ventional superconductivity, it is the_refore imperative to higher conductivity along thé axis? Reflectivity spectra
understand the nature of the conducting state derived frorﬁ(w) at near normal incidence were measured with polarized

the Mott insulator. Thus motivated, we have carried out Sys; .+ frequencies from 20 to 48 000 chrand at tempera-
tematic studies of the electromagnetic response of a proto—g

typical high-T, superconductor YB&£u;O, (YBCO) over a
broad region of the phase diagram across the antiferromag
netic (AF) transition and onset of superconductivity.

One of the intriguing properties of heavily underdoped o3
YBCO is the in-plane anisotropy in the dc resistiityhis
effect is likely to be distinct from the anisotropy seen in the
YBCO system near optimal dopirfg® The latter is attributed
to the one-dimensiongllD) Cu-O chains along thé axis
which are capable of contributing both to the dc transport
and to the superfluid density, provided the disorder in the
chains is weak. Although the direct role of chains in the
anisotropy of weakly doped phases has not been explicitly 0.2
ruled out, this scenario is rather remote because considerabl
defects in the chains are inevitable in oxygen deficient crys-
tals. In searching for alternative mechanisms of the aniso-
tropy, it is prudent to take into consideration anisotropic
transport and infrared response within the Gusane in a
nearly tetragonal chain-free cuprate ,L&rCuQ, 0.8
(LSCO).281t has been argued that the directional dependence
of quasiparticle dynamics in LSCO may be related to the .

—

intrinsic tendency of doped MH insulators towards spin ‘3
and/or charge self-organization in real space. Similar spin/'§
charge modulation has also been observed in YBCO froms 04
neutron and x-ray scattering experime¥ts. Infrared (IR) &
spectroscopy is ideally suited for elaborating in-plane aniso-

tropy in the heavily underdoped YBCO because reflectance

g
o

0.4

Reflectivity

measurements with polarized light are capable of separatin [ (b) 1

the contribution of the 1D chains from the response of the 0.0 sl R — Ll

CuG, planes. 100 1000 10000
Here we report on the study of the optical spectra for the Wavenumber (cm™)

heavily underdoped YBCO with oxygen contents 6.30,
6.35, 6.40, and 6.43, grown by a conventional flux method FIG. 1. T-dependenR(w) for (a) y=6.43 and(b) y=6.35. Inset
and detwinned under uniaxial presstiteThe y=6.43 and in (a) shows dc resistivity curves for=6.43 and 6.35 crystals.
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FIG. 2. T-dependentr;(w) of they=6.43 YBCO alonga) thea FIG. 3. T-dependenir;(w) of the y=6.35 YBCO in(a) the a

axis and(b) the b axis. The circle and the square symbols representixis and(b) the b axis. The circle and the square symbols represent
the positions of MIR resonances and CT excitations, respectively. Ithe positions of the MIR resonances and the CT excitations, respec-
the inset in(b), the o(w) with the phonon subtracted are used for tively. In the inset(b), the o1(w) with the phonon subtracted are
the Drude fitting(the dotted lines Note that the fits are adequate used for the Drude fittingthe dotted lines The symbols represent
for the frequency range exceedihgparameters. The symbols rep- the dc resistivity values.
resent the dc resistivity values.
of two separate absorption features: a coherent mode at low-

tures from 20 to 293 K. According to the Hagen-Rubens regst frequencie$w <600 cnTl) followed by a mid-IR reso-
lation R(w) ~ Vwpgye, Wherepq is the dc resistivity value. As  nance. The distinct character of the two absorption features is
shown in Fig. 1, the far-IR reflectivities along theaxis are  most evident in the loviF data: the mid-IR structure is vir-
higher than those along treeaxis, which is consistent with tyally independent oT, whereas the coherent mode signifi-
the anisotropy in the dc resistivity. In addition, the mid-IR cantly narrows at lowF leading to a minimum inr;(w) be-
R(w) is enhanced along thie axis. This behavior is associ- tween the two components. This two-component optical
ated with the optical response of chain fragments aligne@onductivity is also observed in the other YBCO samples
along theb axis, which will be described below. Witfi (F|g 3 and is a genera| characteristic of Weak|y doped
decreasing, the low-frequendR(w) increase considerably cyprates® Apart from this electronic contribution, the con-
whereas the change in the mid-IR is negligible. The complexjuctivity spectra also reveal sharp peaks due to IR-active
optical conductivity spectrar(w)=oy(w) +iop(w), were ob-  phonons. The phonon frequencies show noticeable differ-
tained from the measurd®(w), using Kramers-KronigkK)  ences in thea- and b-axis data confirming that the studied
transformation. The KK-derived results are consistent withsamples are detwinned.
those obtained independently by spectroscopic ellipsometry Coherent lowe features in the optical response of all
in the near-IR and visible region. YBCO crystals are well described with the ac Drude formula

Figures 2a) and 2b) show the dissipative part of the ’&(w)z(w,2)/477)/(1“—iw), wherew, andI” are the plasma fre-
optical conductivityo,(w) for they=6.43 sample along the  quency and the scattering rate of carriers, respectively. The
[o1 a(w)] and theb axis [0y p(w)], respectively. The optical fits are presented with the dotted lines in the insets of Figs.
spectra in both polarizations show qualitatively common fea2(b) and 3b) with the fitting parameters reported in Table I.
tures, including a charge transf&@T) excitation seen around Interestingly, the Drude description holds for tge6.35
14 000 cm* and substantial electronic spectral weightcrystal at 20 K, which is less than the Néel temperature for
within the CT gap. The intragap spectral weight is comprisedhis particular compositioh. The coherent response of the
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TABLE |. Summaries of the Drude fitting parameters, the Wavenumber (cm’™) Wavenumber (cm’™)
plasma frequencywp,, and the scattering raté&, for oy(w) of 3 0 100 1000 0, 100 10()%
YBa,Cu;0y at 20 K along thea andb axes. Foty=6.30, we used LN W e
the data at 80 K just above the ongebf an insulatinglike state. 3 &Z
Using the measured Hall coefficient at 300 K, the mean free path g ‘=:'§
at the corresponding are also estimated with a three dimensional g” 2 2 \é
free electron model. G 5

B

y w, (cm™) T (cm™ € (R) Z =

a b a b a b 591()_1 —T T T T 3 3T T 71" 1l~08
g g

6.43 5250 5340 135 65 57 121 . i a-axis | 3 i

6.40 4350 4420 210 105 31 64 "z [®~e_ = \.\ _: =

6.35 4100 4300 280 140 24 52  s0f e e ™ 1045

6.30 3630 3890 430 270 14 25 s b_aN L ./°° } E

(© o | [

_ . Lo ssob— 1+ 1,1 1L 1 ] 1 1.00
y=6.30 sample at the lowe3tis modified compared to the 63 64 65 66 67 63 64 65 66 o7
simple Drude formula: the electronic conductivity reveals a y y
weak peak near 100 crhsuggestive of the carrier localiza-
tion. FIG. 4. Top panelsT-dependentNe p(w)/Neg o(w) at (a) y

An outstanding property of heavily underdoped YBCO is=6.30 andb) y=6.43. The square, the circle, and the star symbols
anisotropy in the coherent modes with a marked increase aforrespond to the measureg.,/ o4c 4 Values at 20, 80, and 150 K,
the conductivity along thé direction. A quick inspection of respectively. Low panels display the evolution of the aniso-
the Drude parameters in Table | reveals that this effect igropy of the phonon modesic) At 293 K, the frequencies of
primarily produced by the anisotropy &f whereas the an- phonons positioned at the highest frequency=6.30, 6.35, 6.40,
isotropy of w,, is fairly small. An independent confirmation 6-43. and 6.65(d) y dependences abyna/ wpnp, andLoy/ oalopical

of this finding is provided by an examination of the elec- =!Mw—001p/ 014 FOry=6.65, we choose the value at 65 K just
tronic spectral weightNy(w)=/¢(w')dw’. The oscillator aboveT,. In the inset of(b), the dotted and the solid lines represent

strength sum rule suggests that integration over the fret-he Pal pp CUIVES aty=6.43 andy=6.35, respectively. The square

. N 1 . y=6.43 and the circle(y=6.35 symbols correspond to the
quency region Of the COhSre”t mofle~ 600 cm) prO\_/lde§ T-dependent’,/T", values multiplied by 1.05 and 1.1, respectively.
an accurate estimate @f.. The spectra presented in Figs.

4(a) and 4b) show that the anisotropy of the plasma fre- case, theb-axis conductivity shows a strong resonancevat
quencywpp/ @y 2= VNesi p/ Netr o does not exceed 1.12 for the =1500-2000 cmt, usually assigned to carrier localization
y=6.35 sample and 1.07 for thg=6.43 specimen ato  in the Cu-O chain segment%:?! Examining the mid-IR re-
=600 cml. These results are quite comparable with thesponse of the weakly doped YBCO in light of these earlier
Drude fitting results in Table I. Asw—0, the results, we first note substantial anisotropy of the mid-IR
Ner p(@)/Negr o(@) values approach the ratio of the dc con- conductivity which can be readily traced iR(w). The
ductivities oycp/ 04ca iNdicating that the optical results are mid-IR resonances in the-axis spectra are located at
also consistent with the transport data. The dominant role of4200 cm?! without any significanty dependence in the
I' in the anisotropic carrier dynamics of YBCO is further heavily underdoped region. This feature reflects the intrinsic
confirmed by the data in the inset of Fig(b# where we electronic structure of the doped Cu@lanes and is rather
display the T-dependentl’,/T, extracted from Drude fits insensitive to a particular host matefdf22 On the other
along with the dc resistivity ratiopyca/ pacp. Close agree- hand, the mid-IR resonances in theaxis are located at
ment between the two data sets establishes that the signifiauch lower frequencies:~1700 cm! at y=6.43 and
cant anisotropy i is primarily responsible for the resistiv- ~3100 cm? at y=6.30. The spectral weight of thebeaxis
ity anisotropy within the Cu@plane in weakly doped YBCO features significantly exceeds that of the resonances observed
compounds. in the a-axis spectra. To obtain further insight into the chain
What is the origin of the anisotropic scattering? Searchingesponse, we checked ,(w) — 1 5(w) which are attributable
for plausible causes of this enigmatic effect, it is imperativeto the chains. These differential spectra reveal an over-
to access the possible role of Cu-O chains as well as that afamped oscillator at 1500—2600 thand are comparable to
the orthorhombicity of YBCO. As pointed out above, highly the disordered chain response in the YBCO system at higher
ordered chains in thénearly) stoichiometric YBaCu;Og95s  dopingl®-2'Asy decreases and the density of oxygen defects
and YBaCu,Og crystals contribute directly to dc transpért. in the chains is enhanced, the peaks shift to higher frequency
This contribution is reflected in strong enhancement of thavhile their spectral weight is reduced. These observations
b-axis plasma frequency and in the anisotropygf,/ o4 ~ are in accord with the theoretical analysis of the localized
that appears to scale with, ,/ w, ,.%" Notably, YBCO crys-  state of the oxygen-deficient chains in YBCO systérfihe
tals with T.=90 K containing significant disorder on the notion of carrier localization in the Cu-O chain segments is
chain sites(due to nonoptimized growth and/or annealing consistent with the experimental fact that no significant an-
conditiong do notreveal substantiak,. anisotropy® In this  isotropy in w, is found in our data. We therefore conclude
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that the chains in the studied specimen are unable to main- The experiments reported here provide important insights
tain conductivity in the dc or lows limit. into the nature of the modulated electronic state. First, the

We now turn to the possible impact of orthorhombicity on charge modulation appears to be only loosely coupled to the
anisotropic quasiparticles dynamics. As pointed out abovegttice because no phonon zone-folding effects can be readily
the bulk orthorhombicity of the studied specimens is SUPygentified within the signal-to-nose ratio in our da%Sec-

gggﬁ% ?ryergrc]ji 2?6'32:1?5% ?r]; chigsF()&O;ﬁg I{g)quvsﬂgzsw—ghe'f)nd, the amplitude of the charge modulations must be rather
display they dependence of the stretching mode frequencie ea.k bgcause th.e elec.tronlc transport within the £pi@nes
wy, Which are most sensitive to the variation of the latticeretains its two-dimensional character even at the lowest

constant$* Comparing thewya/ wynp, ratios with the aniso- Wher_e the aniso'Fropy is maximized. This anisptropic trans-
tropy of the dc conductivityor ac conductivity in thew port in the metallic state has to be contrasted with the case of
—0 limit), one notices that the latter increases as the YBCGhe weakly doped LSCO system. In the latter materials, the
system progresses towards the tetragonal phagg,/ wgnp anisotropic conductivity is accompanied with the develop-
—1).M Interestingly, the highew,, , values indicate that the ment of localization peak ir;(w) spectra that is in qualita-
lattice constant in tha axis is shorter than that in theaxis.  tive agreement with the notion of 1D confinement of carrier
According to the tight binding picture, one would expect to motion8 A common aspect of both cuprates is that the off-
find an enhancement of the electronic spectral weight-  pjane structural distortion&chain fragments in YBCO and
portional to hopping integrajsn the polarization O vector  ,anadra tilts in LSCDappear to play a preeminent role in
along the shorter axis, which is not realized in Mg analy- abilizing charge nonuniformity within the CuGplanes.

sis discussed above. We therefore conclude that structur harae modulations trigaered by these two stabilizing meth-
orthorhombicity can be safely excluded from factors defining 9 99 y 9

anisotropic electronic response of weakly doped YBCO. ods are different: enhan_ced electron density is coli_near Wi'Fh
What are the microscopics behind the anisotropic scatte©SPect to Cu-O bonds in the case of YBCO and diagonal in
ing within the CuQ plane leading to an enhancement of theLSCO- Nevertheless, in both cases we observe an enhance-
conductivity along the direction of chain segments? It isment of the far-IR conductivity across the modulation direc-
rather unlikely that the chains directly contribute to the an-tion signaling that this effect is the intrinsic property of
isotropic in-planel’ because scattering by the out-of-planeWeakly doped Cu@planes. We remark that in YBCO sys-
defects involves only a small momentum transfer which is oftems the(stripelike) charge modulations are found here to
little consequence for transport phenoménwvith this pos-  coexist with superconductivity in contrast to the experimen-
sibility being eliminated it is appealing to explore indirect tal situation in LSCCG? This observation is significant be-
impact of chains through an “imprint” of the charge density cause the stripes framework offers an interesting prospective
in the CuQ planes recently observed through both x-rayon the pairing mechanism in high:- cuprates’®
experiment¥ and nuclear resonané@These latter studies  In conclusion, our infrared studies of heavily underdoped
indicate that chain segments act as a template to induceBCO reveal that the in-plane optical spectra below the
(stripelikg) charge modulation in the neighboring planes.charge transfer gap are comprised of the well-separated
This modulated state may act as a scattering source enhangryde-like coherent mode and mid-IR resonance. We ob-
ing the I for carriers propagating along the modulation di- serve substantial anisotropy of the electronic transport within
rection(a axis) in accord with our observations. We note that the cuq planes due to the enhanced scattering rate along the
the ordered chain segments form “patches” elongated along axis. The chain segments and their ordering appear to play

the b axis with the aspect ratio-3:12" which are compa- 5 profound role in the anisotropic transport by imprinting
rable to the anisotropy of the mean free path within the CuO charge modulations in the Cy@lanes.

plane reported in Table I. The charge modulation may be

related to the tendency of doped MH insulators to form self- We wish to thank S. A. Kivelson for his fruitful discus-
organized stripelike phases when both spin and charge ordegions and valuable comments. This research was supported
ing are expected. Indeed tAedependence of the anisotropy by the US Department of Energy Grant No. DE-
of I appears to be in accord with that of the strength of thecFGO300ER45799. Y.-S.L. was partially supported by the
stripe-relatedmagneticstructure seen in neutron scattering Post-doctoral Fellowship Program of Korea Science Engi-
measurements!C neering FoundatioiKOSEP.
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