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Far-infrared c-axis conductivity of flux-grown Y,_,Pr,Ba,Cu3;0 single crystals studied
by spectral ellipsometry
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The far-infraredc-axis conductivity of flux-grown Y_,Pr,Ba,Cu;O; single crystals with 0.&x<0.5 has
been studied by spectral ellipsometry. We find that ¢kexis response exhibits spectral features similar to
deoxygenated underdoped YBasO, 5, i.e., a pseudogap develops in the normal state, the phonon mode at
320 cm * exhibits an anomalou§ dependence, and an additional absorption peak forms at low temperature.
This suggests that thHE, suppression in flux grown Pr-substituted crystals is caused by a decrease of the hole
content and/or by carrier localization rather than by pair breaking.

Superconductivity above the liquification temperature ofto 400°C and further annealed for 10 d at 400°C. A Zn-
nitrogen was first discovered in 1987 in the cuprate high- substituted YBgCu, 9ZN 0069 Crystal has been annealed
compound YBaCu;0;_ 5 (Y-123) with a critical tempera-  under similar conditions but with the final step at 500 °C for
ture of T,=92 K.! It was subsequently shown that chemical 5 d. The midpoint SC transition temperatifreand the 10 to
substitution of Y by most rare -earth elements leaVesal-  90% halfwidth AT, have been determined by dc-SQUID
most unaffected witfT;>90 K.? Ever since, the reason why magnetization measurements at 5 Oe. The Pr content and the
Pr-123 does not become superconducti8g) has been a zn content have been determined by EDX analysis. For the
puzzle®* A number of models have been proposed which exr-substituted crystals we obtain€f,=81(3) K for x
plain the absence of SC in Pr-123 either in terms of pair~0.2,T.=64(3) K for x~0.3T,=48(4) K for x~0.4, and
breaking by the magnetic Pr momefita, hole depletion of T_ 24(5) K for x~0.5. For the Zn-substituted crystal we
the CuQ planes caused by a mixed valency of Pt" (Ref. obtainedT,=76(3) K for z~0.06.

5) or a partial substitution of Pt for B&®* (Ref. 6, a modi- The ellipsometric measurements have been performed at
fication of the charge transfer between CuO chains and,CuGhe National Synchrotron Light SourceNSLS) using a
planes] or a hole redistribution and localization due to ahome-built ellipsometer attached to a Nicolet Fast-Fourier
strong hybridization of the Prfdand O 2 orbitals® Re-  spectrometer at the U4IR beamlife Some experiments
cently, it has been reported that Pr-123 can also be made S€ave been done with the ellipsometer attached to a Bruker
with T.>90 K.? This finding has led to renewed interest in 113V using a conventional Hg arc light source. The optical
the electromc properties of the Pr-123 compound. Yet theneasurements have been performed on the as grown clean ac
essential mechanism which decides whether Pr-123 is a sgurfaces(with the ¢ axis in the plane of incidenge The
perconductor withT.>90 K or a non SC insulator is still technique of ellipsometry provides significant advantages
unknown. over conventional reflection methods in tha it is self-

In this paper we report ellipsometric measurements of th@ormalizing and does not require reference measurements
far-infrared (FIR) c-axis conductivity of partially Pr- and (b) the real and the imaginary parts of the dielectric
substituted flux grown Y_,Pr,Ba,CusO; crystals with 0.2 function e=¢,+ie, are obtained directly without a
<x=<0.5. We show that the-axis conductivity of the Pr- Kramers-Kronig transformation. Since only relative intensi-
substituted crystals exhibits virtually the same spectral featies of the reflected light are required, the ellipsometric mea-
tures as deoxygenated and thus underdoped,€B#,;_s  surements are more accurate and reproducible than conven-
crystals, i.e., a spectral pseudogap forms in the normal statdpnal reflection measurements.
the oxygen bond-bending phonon mode at 320 tmxhib- Figure 1 shows the spectra of the FéRaxis conductivity
its an anomaloud dependence, and an additional broad ab-o;, of the Y, gPry Ba,CusO; crystal with T.=81(3) K in
sorption peak forms at low. This finding implies that a the normal and in the superconducting state. The room tem-
similar effect causes th&. suppression in flux grown Pr perature spectrum is composed of an almost frequency inde-
substituted and deoxygenated Y-123 crystals, namely, pendent electronic background on which five infrared active
depletion and/or a localization of the Zhang-Rice-type holeghonon modes are superimposed. The phonon modes corre-
carriers of the Cu@planes. From our measurements we dospond to those of fully oxygenated YB2aw,O,.'? It has
not obtain any decisive information about the hole depletiorbeen previously shown for deoxygenated ¥88;0;_ s that
mechanism in Pr-substituted samples. the strength of the phonon mode at 630 ¢mwhich corre-

Pr-substituted Y _,Pr,BaCusO; crystals have been sponds to the vibration of apical oxygen neighboring an
grown by a flux-methotf using Y-stabilized ZO crucibles. empty chain fragment, is a good indicator for the oxygen
Farily large crystals with a typical size of the ac face of 3 bydeficiency of a given sample. The absence of the 630%cm
0.5-1 mnt have been used. They have been annealed in aphonon mode thus confirms the fully oxidized state of our
O, gas stream for 1 dagd) at 600°C then cooled within 1 d present crystal. With decreasificthe electronic background
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FIG. 2. Optical FIR c-axis conductivity of Zn-substituted
YBa,Cu, 92Ny O o With T.=76(3) K at different temperatures in
ethe normal- and the superconducting state. The arrow indicates the
onset of the spectral gap in the superconducting state.

FIG. 1. Spectra of the real part of the FtRaxis conductivity of
Pry.oY 0.BaCusO; with T.=81(3) K in the normal and the super-
conducting state. The position of the additional low-temperatur
peak is indicated by the solid arrow.

can be seen to develop a spectral gap in the normal state It is evident that no sign of a pseudogap in the normal
already well aboveT,. The characteristic features of this Statec-axis conductivity occurs, despite the fact that the
normal state spectral gap are identical to those of th&alue is severely suppressed. Thaxis conductivity instead
pseudogap which has been observed in an underdopéwrdly changes in the normal state. If anything, it rather ex-
deoxygenated YB&L ;05 75 crystal with similarT,.*3*In  hibits a very weak Drude-like behavior sine§!, increases
both crystals the normal state pseudogap has a similar size sfightly with decreasing and towards low frequency. Note
wne~700-800 cm? (defined as the onset of the suppres-that a similar behavior has been observed in a Zn-free
sion of the conductivity with decreasing temperajuard its  YBa,CusOg g Crystal which was annealed under the same
onset temperatur@yg is around 200 K. Even the spectral conditions being almost optimally doped with=92 K.1318
shape of the pseudogaps compares very well. Close.fo  Also the anomaly of the 320 ch phonon mode is much
the in-plane oxygen bond-bending mode at 320 érbe-  weaker for the Zn-substituted crystal than for the 20% Pr-
comes strongly renormalized, its spectral weight decreasesibstituted crystal and there is no clear evidence for the ad-
and its position is shifted by about 10 chtowards lower ditional low-T peak. For the Zn-substituted crystal a spectral
energies. Simultaneously, an additional broad peak appeagsp forms only in the superconducting state beldw
around 500 cm! which is indicated by the arrow. Once =76 K. Then the pair breaking effect due to the Zn-
more, the same spectral features have been observed in tiepurities is clearly evident. Firstly, the size of the spectral
FIR c-axis response of underdoped deoxygenated Y¥i23. gap is significantly reduced toA%c~450 cm ! as com-
The broad low¥ peak and the related strong anomaly of thepared to 2Agc~650 cm! in pure optimally doped
320 cmi ! phonon mode have been successfully explained i'YBa,CuyOg o. = Secondly, the residual conductivity remains
terms of a model where the bilayer cuprate compounds likeery large even at the lowest temperature of 10 K. This in-
Y-123 are treated as a superlattice of intra- and interbilayedicates that a large number of quasiparticles remain unpaired
Josephson junctiort$:*® Within this model, the broad loW-  in the SC state due to the strong pair-breaking effect of the
peak corresponds to the transverse optical Josephson plaga impurities. No such characterstic signature of the pair-
mon which arises from the out of phase oscillation of thebreaking effect is observed for the Pr-substituted crystals.
intrabilayer and interbilayer longitudinal plasmon modes. Figure 3 shows th@ dependence of the FIRaxis con-
The strong anomaly of the 320 ¢rh phonon mode is ex- ductivity of the PpaYqBaCusO; crystal with T,
plained as due to the drastic changes of the local electrie 64(3) K which is more strongly Pr-substituted than the
fields acting on the in-plane oxygens as the Josephson cuprevious one. The normal state spectra are shown in Fig.
rents set in the SC stateéOverall, this close analogy implies 3(a). Once more a spectral pseudogap can be seen to develop
that theT, suppression upon Pr substitution is caused by an the normal state. The pseudogap now already starts to
depletion and/or a localization of the mobile holes of theform around room temperature and its size clearly exceeds
CuO, planes rather than by pair breaking. the measured spectral range, i@yg>700 cm 1. A corre-

For comparison, we also investigated a sponding increase of the onset temperature and of the size of
YBa,ClW, 942N 04 6.9 Crystal whoseT, is suppressed by a the pseudogap with increasing underdoping of the LuO
similar amount tal .= 76(3) K. Meanwhile, it is well estab- planes has been previously observed for strongly deoxygen-
lished that theT, suppression in Zn-substituted samples isated Y-123 crystal$>*#!8All the characteristic spectral fea-
caused by strong pair breaking due to impurity scattering iriures are very similar to those in a deoxygenated Y-123 crys-
the unitarity limit on the Zn impurities while the hole content tal with comparableT.~60 K. On the other hand, the
of the CuQ plane is hardly affectet!. Figure 2 displaysr;,  absolute value of therl¥ is significantly higher in the Pr-
at different temperatures between room temperature and Ifubstituted crystal. This effect can be understood to be due to
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FIG. 4. Real part of the FIRc-axis conductivity of

Pry.4Y 9 BaxCusO; with T,=48(4) K. The arrow indicates the po-

sition of the low temperature absorption peak which merges with
0 ————————————— _
0 100 200 300 400 500 600 700 the phonon mode at 320 cm

-1
viem) and/or from the low frequency slope ef;, appears to be

FIG. 3. Temperature dependence of the real part of the FIFOmMewhat higher in the Pr-substituted crystals compared to
c-axis conductivity of PysY,-Ba,Cus0; with T,=64(3) K, (@) in  deoxygenated Y-123 with simildr,. More details about the
the normal state an¢b) in the superconducting state. The solid dependence of the interbilayer and intrabilayer Josephson
arrow marks the position of the additional low-temperature absorpplasmons on the presence of the metallic CuO chains, includ-
tion peak. ing fits with the model given in Ref. 15, will be presented in

) a forthcoming publication.
the presence of the fully oxygenated and thus metallic CuO Figures 4 and 5 show the FlR-axis conductivity of
chains. Evidence for metallic CuO chains has been Obta'”eﬁro_4Y0,6BaZCu307 with T.=48(4) K and

even in pure Pr-12% A similar chain-related effect onr® Pry Y 0883 Cus0; with T.=24(5) K, respectively. The ab-
has previously —been observed —for Ca-substituteds| ie valuesrS! once more are significantly higher for the
Y:1-,CaBaCu;0; 5 crystals for which the absolute value ¢, oyvaenated Pr-substituted crystals than for comparably
depends on the oxygen content and thus the metallicity of thg,jerdoped deoxygenated Y-123. This circumstance allows
CuO chains while the characteristic frequency dndepen- ;s 1o see more clearly the characteristic features of the nor-

dence iglgletermined_ mainly by the hole doping of the £uO i tate pseudogap in such strongly underdoped 123-type
planest®>!8 Another difference as compared to the deoxygens,

) . samples. For th&=0.4 crystal it is evident that the size of
ated Y-123 crystals is the observation of two weak defeCihg norma) state pseudogap exceeds the measured spectral
modes in the spectral range of 400 to 450 ¢m These

range by far, i.e.wne>700 cmi'l. This finding confirms
modes are present already at room temperature but becorgg, " e\ious report that the size of the pseudogap of deoxy-

more pronounced at low. These defect modes possibly genateq v-123 crystals increases continuously on the under-
originate from oxygen defects within the CuO chain layer

other than the usual @) oxygen defects in Y-123. Alterna-

! . : S 200
tively, they might correspond to crystal field excitations of

the magnetic Pr ions. Figure ®) shows the low-

temperature data in the SC state. It can be seen that the

320 cm ! phonon mode becomes strongly renormalized and 1501
that an additional peak develops around 420 tragain in

close analogy to deoxygenated underdoped YBgOq ¢ 100

with T.~60 K.?%14The additional peak is not quite as pro-
nounced as for the Pr-free underdoped Y-123 crystals. In the
context of the Josephson-plasmon superlattice model this dif-
ference can be explained as due to the larger quasiparticle 501
conductivity of the Pr-substituted crystal which leads to a
stronger damping of the transversal Josephson plasmon
mode®® As was noted above, this difference can be attrib- o —
uted to the metallic conductivity of the CuO chains and the 0 100 200 300 400 500 600 700
subsequently higher normal stateaxis conductivity of the v (cm'1)
Pr-substituted crystals. Also due to the presence of the fully

oxygenated metallic CuO chains, the interbilayer Josephson FIG. 5. Temperature dependence of the real part of the FIR
plasmon frequency, as deduced from the zero crossirag of c-axis conductivity of PysY o sBa,CusO, with T,=24(5) K.

o, (Q'em)
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doped sidé3* The pseudogap forms around room temperawhose origin is yet unknown, and a broadening of the pho-
ture and it is not related to the formation of the additionalnon mode at 280 cm' due to vibration of chain oxygéh
low-T peak nor to the anomaly of the 320 chphonon  which is more pronounced for the Pr-substituted crystals
mode. Notably, the characteristic shape of the anomaly of thehan for deoxygenated crystals with simil&y 1314 How-

320 cm * phonon mode and the additional peak, which bothever, a similar defect mode around 400—450 &nand an
merge for the present sample, indicate that the size of thgyen stronger broadening of the @umode at 280 cm?
intrabilayer Josephson plasmon is somewhat smaller for thigyye recently been observed in Nd-123 which is supercon-
40% Pr-substituted crys’:al thhan fora comparab(;y Enderd()pegucting with T.=93 K.22 Therefore, while these features
pure YB3CU;Og 5 Crystal with T,=52 K. Instead the spec- oy he related to a deficiency on the(Cusite, it is unlikely

:_ral slhape I?f the arl;?m?rllo?s ?20 phonont modle ano(ljthg adgat they are responsible for the strohgsuppression which
lonal peak resemble that of a more strongly underdopeq. ., only for the Pr-substituted crystal but not for Nd sub-

. _ 15 .
YBa,CUsOp 45 crystal with To=25 K.™ It worth noting that i one. In our spectra we do not observe any anomalous

this effe_ct is expected_within the Josephs_on SuPerlattiC%roadening or shift for example of the phonon mode at
model since the separation of the Gu@lanes is somewhat 3155 cnt L to which mainly Ba and Gd) contribute™ While

larger in the Pr-substituted crystal than in the pure Y-12 h f d il i hi
resulting in a smaller intrabilayer Josephson plasma fre'E € masses of Ba an Pr_ are very simrar one st expectst IS
mode to be broadened if Ba is substituted by P since

qguency for the Pr-substituted sample. In contrast, as noted " . . .
above, the interbilayer plasma frequency appears to be Iarggﬁe'r electronic environment should be rather differérito

. . conclude, we do not observe any anomalous changes of the
in the Pr-substituted crystals due to the presence of the MER active phonon modes which)::ould be used as gn indica-
tallic CuO chains. Figure 5 shows the FtRaxis conductiv- tion that the decrease of the hole doping of the Cp@nes

ity of our most heavily Pr-substituted &Y g 5:BaCusO, ping

; - ; : _ can be explained as a chemical doping effect. Our data rather
crystal with To=24(5) K. Itis remarkable that for this crys favor the model of Fehrenbacher and Rice where the charge

tal, which is located close to the metal insulator transition " . N . .
aroundx=0.55, the normal state pseudogap suddenly is lesgAMers of the Cug@planes are redistributed an(_j Iocahzeq n
C Xbl’ldlzed Pr 4 and O 2 orbitals® Note that this model is

pronounced and its size has decreased. This finding seems O ported by recent x-rav absorntion measurentants
indicate that the pseudogap disappears around the metal iR PP y y P o
In summary, by spectral ellipsometry we have studied

sulator transition. Note that it has not been possible to follovxg{he far-infrared c-axis conductivity of Pr-substituted

the evolution of the electronic-axis conductivity in such :
- : ) LY yBaCuw,0O; crystals with 0.Z2x<0.5. We have
detall in correspondingly underdoped deoxygenated ¥ 12éjé)hown that thes-axis conductivity of these crystals exhibits

i |
CryS‘al'E,szr which the absolute values off; are much spectral features similar to deoxygenated and thus under-

lower: doped YBaCu;O;_ 5. A spectral pseudogap already forms

Y P y at 320 cm! exhibits an anomalou$ dependence and an

mechanism which causes the hole depletion of the guoadditional broad absorption peak forms at IGwThis find-
planes upon Pr substitution. Recent x-ray diffraction mea-

ing suggests that th&. suppression in the Pr-substituted
surements revealed that flux-grown Pr-123 crystals are C . . .
deficient on the C{d) site and/or exhibit a partial substitu- gamples Is caused by a decrease in the concentration or a

tion of Pr on the Ba sité! It was argued that these effects localization of the mobile hole carriers of the Cauplanes.

may be responsible for the hole depletion. The only anoma- We gratefully acknowledge G. P. Williams and L. Carr
lous features in the FIR phonon modes of our Y,Pr-123 crysfor technical help at the U4IR beamline at NSLS and E.
tals which may be indicative of structural disorder within the Bricher and R. K. Kremer for performing the SQUID mag-
CuO chain layer are the weak defect mode at 4205m netization measurements.
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