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Evolution with doping of the ab-plane infrared properties of Bi,Sr,CaCu,Og., 5
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A systematic optical study of well characterized, Y-substitutesgEBCaCyOg ., 5 Single crystals covering
the range from optimal doping to the insulating phase is presented. Special attention is given to comparisons
with two other prototype cuprate systems,LgSr,CuQ, and YBaCuw;O;_ 5. It is emphasized that dynamical
charge stripe correlations play an important role in governing the difference in optical response between these
systems[S0163-18209)04241-1

[. INTRODUCTION phase in the phase diagr&mve earlier reported on our in-

High-temperature superconductivity is obtained byvestigation of the normal-state pseudogap and the supercon-
chemically introducing charge carriers into quasi-two-ducting gap in metallic samples by infrared measureménts.
dimensional antiferromagnetic insulators. During last fewIn the present work, we extend the infrared measurement to
years single crystals with well controlled carrier concentradinsulating sample. We concentrate on how #ieplane op-
tions have become available, which permit performance ofical spectra evolve with doping and compare them with
various doping dependent measurements. Among them, in-SCO and YBCO systems.
frared measurements provide fruitful information on charge
excitations.

The most detailed doping dependent studyabfplane Il. EXPERIMENT
infrared properties was performed on the,LgSr,CuQ,

(LSCO) (Ref. 1 and YBaCw0,._ 5 (YBCO) (Ref. 2 sys- Single crystals BiSr,Ca, _,Y,Cw,0g., s With nominal x

© SY> =0, 0.07, 0.11, 0.17 were grown by usual melting method.
tems. Although both systems were found to exhibit SlmllarX-ray—diffraction measurements verified that all crystals are
transfers of spectral weight from charge-transfer insulator t?he proper 2212 phase. The lattice parameter along-thés
low-energy excitations with doping, a remarkable diﬁerencedecreases monotonica.lly from 30.86 A for0 to 3041 A

was revealed between them. It was found that the plasmg " ~ 517 The pure crystall,~89 K) as well as crystals

frequency was rather insensitive to doping for LSCO af.terwnh nominal Y contenx=0.07 (T,~70 K) and 0.11 T,
samples entered the metallic region. In contrast, there is a ; LN .

X . : ~30 K) show metallic behavior in the normal state as evi-
considerable shift of the plasma frequency in YBCO as a . L

. . . denced by their resistivity. By contrast, tle=0.17 crystal
function of oxygen content. The reason for the difference is__, .. =~ . . I
still not clear exhibits insulating behavior in the normal state. A drop near

It has been known for a long time that the doping level in10 K in p(T) related to the superconducting transition is

Bi,SKL,CaCy0s, 5 (BSCCO can be controlled by substitut- seen, but zero resistance |s_not_ach|eved above 4 K. Obvi
) . ously, the carrier concentration in these samples decreases
ing Y or other rare-earth elements for Ca. Therefore this : - ) L
. . with Y substitution. Detailed descriptions of crystal growth,
system provides a good choice for such study. However, o structure, and dc transport characterization can be found in
tical studies of the effect of doping in this system have been ! port |
X . . . the earlier repoff. The optical reflectance measurements
neither detailed nor extensive as compared with LSCO of

. were performed on a Bruker IFS113V spectrometer from
YBCO. The optical reflectance spectrum of Y-doped 9 )
BSCCO was reported by Meadet al. on polycrystalline 50-9500 cm*. The reflectance has been extended to high

: o4
samples. Information yielded from this early work was lim- fltﬁgurﬁggz(;%ri\gn??:g Iir:erTeE}rg-Sgnger:n% -l;?ste\l;ea:(ea(ljone in
ited not only due to the polycrystalline effect but also 9 y

because no Kramers-Kronig analysis was performe t.he same way as described in Ref. 7.

Terasakiet al? studied the optical spectra of a pure BSCCO

crystal, a pure BiS,LYCU,0p.5 crystal, and a Ill. EVOLUTION OF THE ab-PLANE SPECTRUM

Bi,SrL,Ca sNdy sCu,Og, s crystal. However, the Y or Nd WITH DOPING

concentrations in their samples were so high that the

compounds were deeply in the insulating phase region. Figure Xa) shows the measured reflectiviR(w) at room

A very recent work was done by Itohetal. on temperature for the pure and Y-substituted samples. The

Bi,SrCa _,Y,Cw,0q. 5 films.® Unfortunately, their mea- spectra exhibit the well-known overdamped behavior, i.e.,

surement did not include the far-infrared region from R(w) drops steadily throughout the infrared region. With the

100-1000 cm? (13 meV—-0.13 eV. In addition, the reflec- substitution of Y for Ca, the spectra change dramatically.

tion from the MgO substrate complicated the problem andlhe magnitude oR(w) decreases over a wide frequency

made the analysis less reliable. range, thus greatly reducing the area under the reflectance
We have grown Y-doped BSCCO single crystals in thecurve. In additionR(w) changes its curvature from down-

composition range from optimal doping to the insulatingward to upward ax increases.
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FIG. 1. (a) Doping dependence of the reflectivity at room tem-
perature;(b) and (c): the far-infrared reflectivity fox=0.07 and
x=0.17 samples at different temperatures. o : . , :
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Because of the overdamped nature of the spectrum, thc ® (cm )
screened plasmq frequency cannot be determined from the FIG. 2. The frequency-dependent real part of dielectric function
measured reflectivity. However, the decrease of the dow- (5 and conductivity(b) at room temperature.
reflectivity strongly suggests a reduction in plasma fre-
guency. The phonon peaks become more prominent with Y

effect from conducting carriers. Such spectral change is exne metallic phase, 0dx=<0.34 but is similar to the dop-

pected for a system with reduced carrier density. Actually, 8ng dependent behavior of YBCDAccording to the simple
metal-to-insulator transition can be inferred from the tem-pr,de model

perature dependence of the far-infra@dR) reflectivity of
these samples. The FIR reflectivity increases with decreasing e1(w)=€,— wf)/(w2+ 1/7?), 1)
T for the pure and lightly Y-doped samples witk-0.07 and
x=0.11, which is typical for a metallic response caused bythe zero crossing frequenay, in €;(») is related to the
reduced carrier scattering rate. As an example, Fip) 1 plasma frequency by%:wg/ew—l/rz. For a simple metal
shows the spectra for=0.07 sample. In contrast, the low-  with constant scattering rate, the zero crossing corresponds
reflectivity of the heavily Y-dopedk=0.17 sample[Fig.  roughly to the screened plasma frequem{,yz wp/e}o’z. But
1(c)] in the FIR region decreases with decreasingvidenc-  for the overdamped cuprates, the crossing is also a function
ing an insulating response. Thus the spectral change in thesé damping. When the damping increases, the zero crossing
samples is consistent with the dc resistivity measuremerdlso shifts to lower frequency. So, both the reduction of
showing a metal-to-insulator transition. Additionally, since plasma frequency and the increase of damping contribute to
the curvature of reflectand®(w) is an indication of carrier this shift. For this reason, we cannot determine the screened
damping, the change d®(w) curvature demonstrates that plasma frequency uniquely from the zero crossing frequen-
the carrier damping is further enhanced by Y substitution. cies. For thex=0.17 sample¢;(w) is positive in the whole
The decrease of plasma frequency is reflected in the zerwequency region, except for effects due to phonons, which is
crossing of the real part of dielectric function and confirmedconsistent with insulating behavior.
by the partial sum-rule of the conductivity. The real part of The frequency-dependent conductivities at room tempera-
dielectric functione;(w) at room temperature, derived from ture are shown in Fig. ). The low-frequency spectral
the reflectivity spectra by Kramers-Kronig transformation, isweight decreases systematically with Y doping, suggesting a
illustrated as a function of doping in Fig(&. There is a decrease of free-carrier density. The conductivity >of
systematic shift of the zero crossing toward low frequency=0.17 sample is very low at low frequency. Its magnitude
with increasing Y concentration. The result is contrast to thedecreases slightly with decreasing frequency, indicating non-
case of La_,Sr,CuQ, in which it was found that the zero metallic conduction. This agrees well with the dc
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1.0 rapidly at low frequency(Fig. 3), we are certain that the
plasma frequency increases with doping. This is different
from the LSCO system in which the plasma frequency is
almost independent of dopirlg.

Another important quantity which can be determined eas-
ily from the one-component approach is the carrier scattering
rate, or damping. For the three metallic samples, the scatter-
ing rates were extracted from the extended Drude model
analysis and presented in Ref7t can be seen clearly that
the room-temperature scattering rate increases with Y substi-
tution, evidencing the further enhancement of carrier damp-

ing.

IV. DISCUSSION

The evolution of the spectra with increasing Y substitu-
4 tion presented above reveals two main effects: a decrease of
o (cm') plasma frequency and an enhancement of carrier damping. In
) . the previous studies, there is some controversy about
FIG. 3. Effective electron number per Cu atom calculated using, hether or not the plasma frequency changes with doping.
the conductivity sum rule for various compasitions. One view is that the plasma frequency is associated with the

BtA llv. the reflectivi hiah f ¢ reflectivity minimum (edge which varies widely for differ-
measurementActually, the reflectivity at hig re.‘ﬂ“ency or ent cuprate materials but does not change appreciably with
this sample connects better with Terasaki's data for

. . ] doping in each systeth.The present result thus argues
Bi,Sr,YCu,0g. 5 than with that of pure BiSr,CaCyOg., 5. ping 4 P g

: ; dth ; ; against this opinion. In fact, because of overdamped nature,
For comparison, we performe the Kramers-Kronig transfory, reflectivity edge cannot be readily determined from Fig.
mation using both sets of high-frequency data, and foun

h h ductivi N identical bel (a), especially for samples with further reduced carrier con-
that t eicion uctivity spectra are nearly identical beloWeenirations. We believe that for overdamped materials the
5000 cm . The main difference appears at frequencie

Seflectivity minimum does not reflect well théscreene
higher than 9500 cm'. The missing lowe spectral weight y & .

) X 8Iasma frequency.
in Y-substituted samples must have been transferred t0 \ya note that the large change of plasma frequency with
higher frequencies, which is believed to be a general pheg

oping in this system appears similar to what occurs in

"o 2000 4000 6000 8000

nomenon in cuprate superconductrs. _ YBCO with a change of oxygen contéhtyut is in sharp
_ The effective density of carriers contrlb_uted to conductiv- .o nirast to the situation in LSCEThis observation points to
ity below  can be calculated by the partial sum rule the essential difference in electronic states between these
omvV systems. It is of great interest to unravel the reasons for the
cell [ ¢ , , i
Neti(©)= —— f 7i()de’, (2  difference. | .
me 0 As realized previously, compared to optimally doped

) . ) BSCCO or YBCO, a notable difference in tlad-plane re-

whereV is a unit cell volume. Figure 3 shows;N as &  gponse of LSCO is a pronounced enhancement of the mid-
function of frequency for the four samples. It 'nd'catesinfrared(MlR) conductivity?!2 For lightly doped composi-
clearly that the spectral_ weight decrea_ses remarkably a%,ns in the LSCO materials, thab-plane conductivity
samples evolve towards insulating behavior. spectrum exhibits two distinct parts: a Drude-like part at low

Nt can be related to an equivalent plasma frequencygrequency and a MIR absorption feature. Though the MIR
after choosing a proper high-frequency limi, via the re-  3p50rption shifts its position and merges into the Drude-like
lationship ~ w;=4me?Nei(wc)/MVee=8/5°c1(w')dw’.  absorption with increasing dopirigjt remains relatively
Obviously, there is an uncertainty associated with the choicéigh. By contrast, the MIR absorption is much weaker and
of the high-frequency cutoff limit. In fact, determination of cannot be unambiguously resolved in the BSCCO and
the plasma frequency depends greatly on the choice of ¥BCO (E|ja) materials. Therefore the question remains
one-component or two-component approach, an issue raisethout the origin of the MIR absorption, especially as to the
long ago but still not yet resolvetRecent studies tend to reason that LSCO has enhanced conductivity in the MIR
favor the one-component description of the chargeregion.
dynamicst®’ Choosing w,=1 eV, a frequency where In fact, the origin of the MIR absorption has been an issue
o1(w) almost reaches its minimum but below the chargefrom the beginning of the discovery of highs
transfer gap energy, we get,=1.67<10* cm™* for the  superconductivity:® The MIR absorption was explained as
pure sample, 1.4210* cm ! for Y=0.07, 1.22 due to the incoherent motion of doped carriers in the back-
x10* cm™! for Y=0.11, and 0.8810° cm ! for Y  ground of antiferromagnetic spin fluctuation based tah
=0.17. It should be pointed out that, if one uses a two-model'*~%° Alternatively, the absorption was assigned to a
component picture, the plasma frequencies are overestimatsdparate band contributed by bound carriers in terms of the
since they include some contributions from bound carrierstwo-component pictur®® A new insight is to relate the en-
However, because the spectral weight increases even monanced MIR absorption to the dynamic charge striddp
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to now, static charge stripes in cuprates have been only olyesult, the plasma frequency does not change appreciably
served in Nd-substituted LSCO owing to the stabilization ofwith doping.

low-T tetragonal structur®. It was found that Nd substitu- Finally, we discuss briefly the question of whether the
tion leads to a suppression of the law-ab-plane conduc- plasma frequency is correlated with the lattice parameter.
tivity, even at temperatures much higher than the static stripereviously, to account for the fact that different materials
ordering temperature; this results in a relative enhancememaye different plasma frequencies, Tajietaal. investigated

of conductivity in the MIR regiort*'’ The observation was the possible relationship between lattice parameters and
explained by strong fluctuations of the stripes at high temp|asma frequencies by examining a number of materials with
peratures. Since the MIR conductivity is enhanced in purgjitterent Cug layers in a unit cell. They found that plasma
LSCO relative to BSCCO or YBCO, it is speculated thateq encies scaled roughly with the inverse of the average
even the pure LSCO is affected by such stripe fluctuatténs. interplane spacingl=c/N, wherec is the lattice parameter

T_he interpreta’gion b_ased_on fluctuating charge _stripes i%longc axis andN the number of the Cugplanes in a unit
particularly plausible since it can be reconciled with other_ 73 . . .
cell.~> However, the present series are opposite to this trend,

ind8-21 ; ; ; ;
studied showing that strong dynamic stripe correlatlonsSince both the plasma frequency anelxis lattice parameter

exist in pure LSCO material within a wide range of dopmg decrease with Y substitution. The diversity of these observa-
levels. For example, a recent angle-resolved photoemission

tions implies that plasma frequency is a quantity which is not
spectroscopyARPES measuremeft revealed broad, weak .
spectral weight nearr/2, r/2) along the(0,0)-(r, ) direc- correlated with structural parameters. We conclude that the

s i . . plasma frequency does change appreciably with the doping
tion in LSCO. This feature is very different from BSCCO, level in cuprate superconductors, but consider the LSCO sys-

where a sharp peak is seen. The suppression of the lo ; :
o . . em an exception caused presumably by the particularly
energy excitation nearr/2,7/2) in LSCO was ascribed to strong dynamic stripe correlations.

the insulating property in the direction crossing the charge In summary, we have performed a systematic optical

stripes, since the stripes seen via neutron—scatteringt . :
. udy on Y-substituted BSr,CaCyOg, 5, cOncentrating on
measurementSare oriented alon,0-(,0) or (0,0-(0.m) the evolution ofab-plane optical spectrum with doping. The

directions. .
. . study reveals two main effects: decrease of plasma frequenc
Recently, atheor(_etlcal study of the effect of charge Strlpe%md yfurther enhancement of carrier damp[i)ng. The ?esultsy
on oy(w) was carried out by Tohyamat al. based on were compared with other propotype cuprate systems LSCO

r_4n 22
t-t'-"-J model-* They showed that not only the charge car- 4 vgco |t is emphasized that dynamical stripe correla-
riers moving perpendicular to the stripes contribute an inco;

) : tions play an important role in determining the different
tr]he;esr;:i(;())(;sMallng) Vgg'rgzg;?ealigw;a(;t:;hgsz g?&’éggwﬂ%':]gt roperties of these .systems. _In parti_cular, the pinning of the
sizable incoherent Weight’ Their calculations confirmed t‘hilasma frequency in LSCO is considered to be an excep-

X L ; ional case. It is linked with the enhanced mid-infrared ab-
enhancement of Fhe MIR cor'1duct|V|Fy by cha.rge stripes. orption being caused by the particularly strong dynamic
Given that dynamic charge stripes exist for a wide range o tripe correlations
doping levels in LSCO, we expect that the increase in Drude '
weight with dopant concentration would be small with re-  This work was supported by grants from the NSERC and
spect to the large spectral weight in the MIR region; as @imon Fraser University.
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