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Far-infrared investigation of the pseudogap in underdoped PESr,(Y/Ca)Cu;Og
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The optical conductivity of underdoped f8,(Y/Ca)Cu,Og has been obtained from 40 to 700 chvia
Kramers-Kronig analysis of the-axis-polarized reflectance measured at temperatures between 10 and 300 K.
In the normal state at the lowest and highest frequencies where it is least obscured by a large phonon
contribution, the background-axis optical conductivity of underdoped f3u,(Y/Ca)Cu;Og is observed to
decrease systematically as the temperature is lowered from 300 to near 150 K. Upon lowering the temperature
further, the optical conductivity remains constant until the superconducting transition temperature of 65 K is
reached, whereupon, at the lowest frequencies only, a further depression is observed due to the removal of
spectral weight into the superconducting condensate. The spectral weight which is redistributed into the
&function condensate is estimated to derive from frequencies below 425 dine depressed conductivity in
the normal state is attributed to the formation of a pseudogap similar to that previously observed for under-
doped YBaCu0;_,, YBaCuOg and Lg_,SrCuQ, The temperature dependence suggests that the
pseudogap is fully formed at a temperature of the order 150 K. This corresponds closely to the temperature
range where a change in slope of thie-plane dc resistivity, and a decrease in fi@éu NMR Knight shift are
observed[S0163-18287)05037-9

[. INTRODUCTION direction. It has been shown to affect the in-plane dc
resistivity!? as well as the in-plane frequency-dependent
The unconventional, and highly anisotropic response obcattering raté>14

the highT. superconductors in the far-infrared region of the The pseudogap has been clearly observed in the low-
electromagnetic spectrum has been well documented, arfiequency c-axis optical conductivity of underdoped
much discussetiFrom the time single-crystal samples were YBa,Cu,O;_, With x~0.3,2 and YB3Cu,Og which is natu-
available the main focus has been on understanding theally underdoped.Both of these materials have double GuO
transport within the Cu@planes. This is primarily the con- layers, and in both cases the conductivity is depressed at low
sequence of the fact that the superconductivity is believed ttemperatures below a well-defined pseudogap edge near
originate within these quasi-two-dimensional sheets, but als800 cmi'X. For the single layer material, La,Sr,CuQ,, the
because the actual physical geometry of the single-crystaksults are somewhat less clear. Uch@dal. found a weak
samples in most cases dictates that measurements aloag theseudogap behavior in the normal state for an underdoped
direction will be difficult due to the small dimension. Nev- sample withx=0.12, at frequencies below 650 cfh® while
ertheless, a growing body of work aimed at examining theBasovet al. found for a sample witx=0.15 that, while the
transport along thec axis has been developing, and hasconductivity is depressed in the far infrared as the tempera-
yielded interesting resulfs.” One of the most significant is ture is lowered, there was no clear low-frequency signature
the observation of the formation of a pseudogap in the lowof the pseudogap edge, and that in fact the energy scale for
and essentially frequency-independent normal-state opticahis non-Drude-like behavior extends to 0.5 &The de-
conductivity as the temperature is lowered below a characpressed conductivity associated with the pseudogap thus
teristic temperature, typically significantly higher than theseems to be a general property of the underdoped cuprate
superconducting transition temperatérelthe pseudogap superconductors however its energy scale appears to be
gives rise to a non-Drude semiconductingli&axis dc re- somewhat material dependent. Despite observed material-
sistivity in underdoped materiafs.The opening of the specific differences in the manifestation of the pseudogap
pseudogap in the spectrum of low-energy excitations camBasovet al. noted that the superconducting state behavior is
also be observed in nuclear magnetic resonaiMéR),°  quite similar across the various families of compounds. That
specific-heat? and neutron-scattering experimehtdts in- s, in both one- and two-layer materials there is a further
fluence on the transport properties is not limited to the depression in théow-frequencyoptical conductivity below
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2.8 : T T T T irregularities in sample shape and surface morpholdghe
- ac face, measuring approximately 30@m by 600 um
24| i (where the smaller dimension is along of a single crystal
was used. All measurements were carried out in an
s-polarized geometry. It was necessary to mechanically pol-
z 20r T ish the rough face of this submillimeter sized crystal to ob-
© tain a measurable signal. Theaxis measurements were car-
%" 16 | . ried out using a Michelson-type rapid scan interferometer in
> the range from 40 to 700 cm at temperatures between 10
212l o 4 and 300 K. High-frequency extensions for the Kramers-
= 2 o . . . .
B 10 Kronig analysis were obtained as described previotisly.
c 08 L 5 | The optical data are compared with results from NMR
) S measurements on crystals from the same synthesis batch.
2 qol Standard pulsed NMR techniques were used in a field of
0.4 0 20 4: Kso 80100 - Hy=7.8 T to measure the Knight shift of the planar(@u
® atoms. The sample was a composite of 29 crystals aligned on
0.0 L L L L L a quartz plate, held in place with vacuum grease. The@Cu
0 50 100 150 200 250 300

signal is readily distinguished from the @ signal (Cu(1)

sites lie between the PbO plapeshich has a spin-lattice
FIG. 1. In-plane dc resistivity(solid curve of underdoped relaxation rate four orders of magnitude less than that of the

Ph,Sr,(Y/Ca)Cus0g (main figure. Note, with the aid of the dashed Cu(2) sites.

lines, the change in slope which occurs between 150 and 200 K.

Although the dc resistivity indicates zero resistance is attained at 80 lll. RESULTS

K, the magnetization as shown in the inset, suggests that bulk su-

perconductivity occurs near 65 Khe midpoint of the magnetic

transition.

Temperature (K)

The Kramers-Kraig derived optical conductivityy;(w),
is shown in Fig. 2. Figure (@) showso;(w) for tempera-
tures between 300 and 135 K. Since the evolution of the

T. which can be accounted for by the formation of the Su_phonqn fea_1tures V.V't.h doplng_ and with temperature has been
examined in detail in a previous studiygnd since they are

perfluid condensat®In order to further generalize these ob- : : :
) o . not particularly relevant to the discussion that follows, the
servations it is necessary to examine the nature of the

. ; honons have been cutoff in the figure. Note that the elec-
pseudogap in other materials. In what follows we report ou : . .
) : ) tronic background at both high frequencies above the range
results of a study of the pseudogap in thaxis optical con-

L of the phonons and at low frequencies below the range of the
ductivity of the underdoped B8r,(Y/Ca)Cu50; system. phonons appears to decrease monotonically with decreasing

temperature. Figure(B) shows the optical conductivity at
Il. EXPERIMENTAL DETAILS AND SAMPLE temperatures between 135 and 65 K. In this temperature
CHARACTERIZATION range the background conductivity remains constant. Figure

Single-crystal samples of underdopedBi(Y/Ca)CueOg 2(c) shows the optical conductivity as the sample enters the

were synthesized using a PbO/NaCl flux technique describeﬁf?éﬁﬁ?rzuztg;% St?ik’\lfgir:za;?ﬁfclnsvg:rtwh;{ g:csrie:i\se n
previously!® For representative crystals, th®-plane dc re- q y J 9

sistivity measured in a van der Pauw geometry, and the ma%?l%?gasl%]anges in the phonon features as discussed

netization measured using a Quantum Design superconduct-

ing quantum interference device magnetometer, are shown inerllré;']%z' g?ﬁgiﬁ?g;ij:&gﬂtz e;?%é%mgféaélgimde'
the main panel, and the inset to Fig. 1 respectively. As & P Y

: . : bove and below the range of the phonons, respectively. Itis
result of the reduced carrier density, the magnitude of the OI%}ear that its behavior can be divided into three regimes, with

resistivity of the underdoped crystal is, as expected, greatei e crossover between the high- and intermediate-
than that of more optlr_nally doped sampi‘ésAIthough the mperature regimes occuring near 150 K. The low-
superconducting transition temperature, as determined fro'jg:mperature regime, which is only evident i.n the low-

the dc resistivity, appears to be 80 K, the magnetization dat loquency data ofb). corresponds to temperatures in the
suggests that the situation is more complicated. The magn 2L qgrcon}::iuctin stat'e In Ei p(ds we show fF())r col#n ar:son
tization curve indicates that while the onset of superconduc: P 9 : Y P

tivity occurs near 80 K, that true bulk superconductivity, the temperature dependence of the spin component of the

6 - - . . . .
often defined to occur at the midpoint of the transition, doe lanar ®*Cu Knight shift with the magnetic field oriented

not appear for the underdoped crystal until approximately 6§)erpend|cular to .th@ axis of the crystals. A temperature-
K. In optimally doped samples the magnetic transition iSmdependent orbital component has been subtracted. The

much sharpet.As discussed below, the optical data furtherfje.n:.pe;"’:ture dept)endenge can .?FI]SO. b?I characterlzetd by three
support the  conclusion that for  underdoped istinct temperature regimes with similar crossover tempera-

Phb,Sr,(Y/Ca)CusOg bulk superconductivity has a lower on- tures
set.

The method employed for the reflectance measurement
makes use of an overfilled sample mounted on a light- The first point to be made upon examination of Fig. 2 is
scattering cone and an situ gold evaporation to account for that unlike the other two-layer materials, Yf&arO; and

IV. DISCUSSION
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FIG. 2. c-axis-polarized real optical conductivity of underdoped
PbZSrZ(Y/Ca)CuBOB The upper panela) shows the temperature FIG. 3. Temperature dependence of thaxis optical CondUC'
dependence observed between 300 and 135 K. Note that the lotivity of underdoped P5r,(Y/Ca)CusOg measure(ﬂa) at700 cm*
background conductivity upon which the strong phonons sit de@bove the range of the phonons, dhgat 50 cn'* below the range
creases monotonically with decreasing temperature. The m|dd|@f the phonons, compared) to that of the spin component of the
panel (b) shows oy(w) at temperatures between 135 K afld  °°Cu NMR Knight shift. Note in both(a) and (b) the depressed
=65 K. Note that the background conductivity remains constantconductivity below 200 K. The transfer of spectral weight to the
The lower panelc) showso,(w) upon entry to the superconduct- Superconducting condensate &t is clearly seen in the low-
ing state. Note that at low frequencies the background conductivitjrequency data ofb). The temperature dependence of the NMR
is suppressed, while at high frequencies it remains constant. ThEnight shift echoes that of the low-frequency optical conductivity.
shaded horizontal bar corresponds to the spectral weight of the siHnes are a guide to the eye.
perconducting condensate.

1 that the ab-plane dc resistivity of underdoped
YBa,Cu,0Og for which c-axis optical conductivity data are PSK(Y/Ca)Cu;Og exhibits a pronounced change in slope
available, there is no observable sharp pseudogap edge in thgtween 150 and 200 K, a signature of the formation of the
low-frequency  far-infrared data for  underdoped pseudogap’
Ph,Sr,(Y/Ca)Cu0g. It is conceivable, but unlikely given the The second point to note is that the overall magnitude of
discussion that follows, that such a feature could be hiddeihe c-axis background Optha| conductmty of underdoped
underneath the large phonon structure. Efforts to subtract thelSE(Y/Ca)CugOg (=20 1~ ! near 700 cm?), while
phonons in order to extract the background conductlvnySOanWhat greater than that Of smgle laye Lgsr,CuQ,
were found to be extremely susceptible to the choice of it4~10 O~ ! near 700 cm'),>® is half that of under-
shape in the fitting procedure. That is, due to the asymmetridoped YB@CU307 « With x=0.3 (=40 QO *cm™?! near
line shape of the phonons, and their large oscillator strengtf@00 Cm %)% similar to underdoped YBz€u307 x Wwith x
relative to the background conductivity, a smooth back-= 0.52 and con3|derably smaller than that of Y8ay,Og
ground with no sharp features yielded an equally good fit for(~150 ()~ ! near 650 cmmY),* suggesting that the ap-
the normal-state conductivity as a background in the form opearance of a far infrared pseudogap edge is likely not re-
a broadened step function. Nonetheless, the data of Figs.lated to either the absolute value of ivaxis conductivity or
and 3 clearly show that there is a depression ofdkaxis  to whether or not the materials are of a single- or double-
far-infrared optical conductivity, at both low and high fre- layer nature.
guencies as the temperature is lowered from 300 to 150 K, to Although the exact shape of the background conductivity
approximately half of its room-temperature value, an obserof underdoped Pi$r,(Y/Ca)CuOg could not be unambigu-
vation consistent with the existence of a pseudogap with anusly extracted, it is clear from Fig. 2 that it is decidedly
energy scale beyond the far infrared. Note as well from Fignon-Drude-like in the normal state, with a magnitude signifi-
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cantly smaller than Mott’s minimum metallic conductivity T. to approximately 150 K. This depression is interpretted to
limit, indicating incoherent out-of-plane transport. This ob-be the result of the formation of a pseudogap. A more de-
servation is consistent witle-axis dc-resistivity measure- tailed study of NMR measurements of underdoped
ments which show that in underdoped crystals ofPh,Sr,(Y/Ca)CuQg is presented elsewhetéWe note here,
Phb,Sr,(Y/Ca)Cus;Og the c-axis resistivity exhibits a semicon- however, that a close correspondence between the tempera-
ductinglike increase with decreasing temperature in the norture dependence of theaxis optical conductivity and of the
mal state, in contrast to optimally doped samples where th8IMR Knight shift has also been observed for Y,Ba;0O,
c-axis resistivity decreases in a metallic fashion with de-(Ref. 2 and YBgCu,0g,* and has been taken as evidence
creasing temperaturé. for an association of the pseudogap state with the opening of

A dramatic change occurs in the optical properties ofa gap in the spectrum of spin excitations which affects the
Pb,SK(Y/Ca)CuOg below T, . A prominent plasma edge ap- conductivity (charge transportvia an interaction between
pears in the reflectandendicating that the onset of super- the charge and spin excitatiots.
conductivity is accompanied by coherent interlayer charge The cummulative evidence thus points towards the exis-
transport. Analysis in terms of the 2 dependence of the tence of a pseudogap in the normal-siadaxis conductivity
real part of the dielectric functiong;, of a § function  of underdoped PJ$r,(Y/Ca)Cu;Og which is characterized by
(I'—0) Drude condensate yields a plasma frequencypf a non-Drude incoherent transport, and is fully developed at a
=285 cm ! and a London penetration depth of 2.3 The  temperature of the order 150 K with a temperature depen-
conductivity sum rule gives the spectral weight of the con-dence that is echoed in both the dc resistivity and the NMR
densate viafo(Q ' cm Hdw= w,2)/(8><4.77 0)=2125 Knight shift. The superconducting state is characterized, as it
QO lem™? wherew,, is in cm ! and 4.77Q) is a multipli-  is for several other families of higli; compounds, by the
cative factor used to convert conductivity in units of reappearance of coherent transport as a result of a transfer of
Q! em™! to units of cmY. The quantity 2129) "t cm™2  spectral weight from an energy scale considerably higher
represents the missing area between the background conduban 3.%T, into a &-function condensate.
tivity of the 65 and 10 K curves of Fig.(2).

The low-frequency optical conductivity in the supercon- V. CONCLUSION
ducting state, while extremely smalk@d Q' cm™) re-

mains finite to the lower limit of the range investigated. Thlsdoped PESK,(Y/Ca)Cu;0 has been found to be systemati-

is also observed in the other families of high-materials. : .
Figure 3 shows that the onset of superconductivity manifestgaIIy depressed with decreasing temperature between 300

. - . and 150 K, providing evidence, together with dc resistivity
itself on the background conductivity only in the low- L ;
frequency data which experiences a further depression, bgnd %MR K'.“ghr;‘ shift melasuremilnts,lfor the forr(r;atlon of ab
about a factor of 2 (52~ cm™1), as a result of this transfer Fococo9aP n the normal state. No clear gap edge was ob-

of spectral weight into thé-function condensate at zero fre- servable suggesting that like i_a(SrXCuO4,y_, t.he energy
quency. Concurring with the magnetization data of Fig. 1scale for the pseudogap extends into the mid-infrared, and is

L . thus higher than that for YB&u,Os and underdoped
this is fou_nd to occur at a decreaségdof approan_ately 65 YBa,Cu,0;_, where it is of the order 300 cr. Upon en-
K. As indicated by the shaded rectangular bar in Fig),2 ; .
try to the superconducting state coherent transport sets in,

the missing spectral weight can be accounted for by a deand thec-axis conductivity at the lowest frequencies is fur-
pression of 50 tcm™! over a frequency range of y q

425 cm ', which would explain the observation that the con-ther de_pressed due to a transfer of spec_tral weight into the
gy . - Ssfunction Drude condensate. The redistributed normal-state
ductivity at frequencies above 500 chmdoes not appear to

be affected by the onset of superconductivity. This energ);,pectral weight is estimated to derive from frequencies up to

scale is however considerably higher than that ok35 ﬁ_pproxmately 425cmt, an energy scale significantly
~160 oL igher than 3.kT,.

Comparison of Figs. (®) and 3c) reveals that the tem-
perature dependence of the low-frequenegxis optical con-
ductivity is similar to that of the®*Cu NMR Knight shift. We are grateful to C. V. Stager for the use of the magne-
Both the low-frequency optical conductivity, and the spintometer. Optical reflectance, dc-resistivity, and magnetiza-
component of the Knight shift decrease rapidly with the on-tion measurements were carried out at McMaster University.
set of superconductivity. Abov&., both quantities are de- The NMR work was done at the University of Toronto. Fi-
pressed from their high-temperature values in amancial support was provided by the Natural Sciences and
intermediate-temperature regime extending from just abov&ngineering Research Coun¢NSERQ of Canada.

The far-infrared c-axis optical conductivity of under-
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