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Infrared reflectance measurements were made with light polarized alomaggtitc axes of both supercon-
ducting and antiferromagnetic phases of electron dopeggday, ;:CuQ,, 5. The results are compared to
characteristic features of the electromagnetic response in hole doped cuprates. Within thpld@ed the
frequency dependent scattering rates(&), is depressed below 650 cm *; this behavior is a hallmark of
the pseudogap state. While in several hole doped compounds the energy scales associated with the pseudogap
and superconducting states are quite close, we are able to show thatgyChd CuO, ., s the two scales differ
by more than one order of magnitude. Another feature of the in-plane charge response is a peak in the real part
of the conductivity,o;(w), at 50-110 cm?! which is in sharp contrast with the Drude-like response where
o1(w) is centered atv=0. This latter effect is similar to what is found in disordered hole doped cuprates and
is discussed in the context of carrier localization. Examination ottheis conductivity gives evidence for an
anomalously broad frequency range from which the interlayer superfluid is accumulated. Compelling evidence
for the pseudogap state as well as other characteristics of the charge dynamigsd@8e)dCu0O,, s signal
global similarities of the cuprate phase diagram with respect to electron and hole doping.
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[. INTRODUCTION first moves spectral weight from above the charge transfer
gap to the midinfrared, and then to the Drude peak &t0.

The family of high temperature superconductorsThis implies that whether doped with electrons or holes the
A,_,Cg,CuQ,, whereA is a rare-earth ioNd, Pr, Sm, El Mott-Hubbard insulator shows the same gross features in the
has historically been considered an exception among coppetectronic conductivity. Detailed studies on a variety of hole
oxides. Like all cuprates the basic building blocks of thedoped cuprates reveal a partial ggseudogapin the spec-
structure are the CuQayers. An important difference is that trum of the low energy excitatioré.The pseudogap state is
the superconducting phases/f_,CegCuQ, lack the apical recognized as one of the key characteristics of (hele
oxygen above the in-plane copper atom found in most holeloped cuprates and is believed to be intimately connected to
doped cuprates. The charge carriersAp_,CeCuQ, are the origin of highT, superconductivity® So far, there have
electrons rather than holes as in all other cuprate fariffes. been no reports for a similar pseudogap region on the elec-
These materials have a relatively Iofg and early micro- tron doped side of the phase diagréhwith this in mind it
wave measurements suggested the order parameter wiascritical to determine whether there are principal differ-
swave in contrast with thed-wave symmetry established ences in the fundamental interactions defining carrier dynam-
for hole doped compounds. However, more recenics and superconductivity in electron and hole doped Mott-
microwave?® photoemissiofi, Raman’, and phase sensitive Hubbard insulators. In short the question “Is NCCO a high
experiment$ indicate that the order parameter in temperature superconductof®heeds to be revisited.

Nd; gCe& 1CUO,, s (NCCO) and Py gLe& 1£CuUO, . s may in In this work we have determined the optical constants of
fact bed-wave. The most comprehensive infrared work onNd; g£Ce, 1:CuQy; 5 for both the as grown antiferromagnetic
superconducting NCCO by Homest al® found weak (AF) phase and oxygen reduced superconductiSg)
electron-phonon coupling beloW,, suggesting that NCCO, samples. Special attention is paid to the low energy (
like other cuprates, is not a phonon-mediated supercon<100 meV) physics. Through an analysis of the in-plane
ductor. However, in contrast to other cuprates the in-planacattering rate, Z{w), we find compelling evidence for a
superfluid was found to be anomalously large for a [Bw pseudogap in the electron doped materials. The doping and
material, causing NCCO to deviate significantly temperature dependence of the pseudogap is shown to mirror
from universal Uemera pldf These results leave the nature the behavior found in hole doped cuprates. Another impor-
of the relation between electron and hole doped cupratetant result is concerned with the honmonotonic behavior of
ambiguous. o1(w) in the far-infrared which is similar to that of disor-

Previous doping dependent infrared studies have foundered hole doped cuprates and suggests charge carrier local-
that the evolution of spectral weight from the insulating par-ization. We have also examined the interlagexxis conduc-
ent compounds through the superconducting phases is sintivity of NCCO. A sum rule analysis demonstrates that nearly
lar in both electron and hole doped cuprates?® Doping  all of the interlayer superfluid is accumulated from an energy
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scale in excess of 8, whereA is the superconducting gap. m 10

This paper is organized in the following manner. Section
Il gives a brief overview of the experimental procedure. The
raw R(w) data and the Kramers-Kronig generated w) for
both thea andc axis of the SC and AF samples are presented
in Sec. Ill. Section IV follows with a discussion of the key
results. In Sec. IVA we establish the existence of a
pseudogap through the analysis of the in-plane scattering rat
and discuss the implications of this result. Next, evidence for
localization in the cuprates is presented in Sec IV B, and weg
elaborate on the impact of localization on both the dc and acg
transport properties. Finally, Sec. IV C discusses the energy
scale related to the interlayer superfluid response. We
conclude by summarizing our results in Sec. V.
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FIG. 1. Panel(a): a-axis far-infrared reflectance of the SC
sample afT =292, 225, 150, 80, 25, and 7 K. As the temperature

Single crystals of NCCO were prepared by the traveling-drops a well defined maximum develops at 150 émiThe tem-
solvent-floating-zone methdd. The as-grown crystals are Perature dependence beld is confined tow<100 cni . Panel
not superconducting, but show antiferromagnetic order Witr{b):_a—axis reflectar_lce of the AF sample at the abqve temperatures.
Tn=125-160 K20 Superconductivity is achieved by deoxy- Notice that they axis covers a broader range than in paagl The .
genating the crystals. This process removes a small amouHYera” reflectance is lower than that of the SC sample and addi-
of apical oxygen atoms which are absent in the ideafional phonon moldfas are observed. An anomalogs structure between
structuré®* The superconducting transition temperature of220 @nd 450 cm” is visible at 292 K and grows in strength as the
the deoxygenated sample & =25 K as determined by temperature is reduced. Partel: high frequency reflectance of the

measurements of magnetic susceptibility. This is close to thiC and AF sample at 292 and 25 K. The screened plasma frequency
A

Il. EXPERIMENTAL PROCEDURE

. ini inR is th in both les. While the 25 and
highest values reported for electron doped cuprates. Thus fninimum inR(w)] is the same in both samples e e =5 an

- . 2 K spectrum merge smoothly in the SC sample, the 25 K curve
appears that the deoxygenated sample is very near optim the AF sample crosses below 292 K at 1000 “érand remains

doping. S . suppressed up to 4000 crh
The single crystals used in this study have a disk-like

shape. The thickness of the disc+8 mm and the diameter
is ~5 mm. The face of the disc is oriented in the plane
as verified by Laue diffraction. One face of the disc was
polished, starting with a 5um aluminum oxide film and
ending with a 0.05um aluminum oxide paste. The final Ill. REFLECTIVITY MEASUREMENTS
surface had a mirror-like appearance. AND KRAMERS-KRONIG ANALYSIS
The near normal reflectance was measured in polarized
light from the far-infrared(FIR) to the near-ultraviolet. A
Fourier transform spectrometer was used from 30 tro Figure 1 displays tha-axis reflectance of the S(anel
18000 cm?, and a grating monochromotor was used fromA) and AF (panel B samples in the FIR. The 292 K spec-
12000 cm® to 48000 cm?. c-axis reflectance spectra of trum of the SC sample shows metallic behavior with a single
the SC sample were extended down to 10 émvith the ~ phonon at 300 cmt. In the low temperature spectrum one
Fourier transform spectrometer. After the reflectance wasan notice a weak structure between 400 ¢mand
measured at various temperatures, the sample was cimated700 cm *. The reflectance of the SC sample shows a strong
situ with gold or aluminum and the measurements were retemperature dependence in the FIR. By 25 K the reflectance
peated at all temperatures, providing an absolute measure tsf up to ~5% above the room temperature spectrum. Be-
the reflectivity?® The error in the absolute value of the re- tween 150 cm® and 300 cm? the reflectance of the SC
flectance is below 1%. The relative error in the reflectancesample at 25 K rivals that of such excellent conductors as
measured at different temperatures does not exceed 0.1%.Cu, Al, and Au yet the dc transport measurements indicate
To obtain the complex optical constants the Kramersthat the sample is a rather poor conduéfor® The resolu-
Kronig relations were used. In order to extend the reflectancéion of this ambiguity can be found in the reflectance data
data to higher energies the reflectance of &e,;:Cu0O, below 150 cm’. Instead ofR(w) approaching 1 monotoni-
from 6 eV to 38 eV was adopted.Above 38 eV the func- cally asw—0 as in a metal, the reflectance decreases giving
tional form Rxw ™% was assumed. When extrapolating therise to a peak ilR(w). As will be demonstrated later, this is
reflectance to zero frequency a Hagen-Rubens model was consequence of having poor conductivityest 0 which
applied in the normal state, and a two-fluid model in thegreatly increases at finite frequencies. One final peculiarity
superconducting state. The error in the reflectance has beef the SC sample is the lack of temperature dependence be-
propagated to the optical constants and combined with unlew T.. The superconducting7 K) reflectance increased

certainties introduced by the extrapolation procedure, and
will be discussed in the text.

A. a axis

224503-2



ELECTRON DYNAMICS IN Nd; gsCey 15CuQy; 5: . . . PHYSICAL REVIEW B 64 224503

80

o - 2.0
£ 7 =
= 25K £ 15
60 g 6 %
L = o G
..l.E = —,'E 50 E o0s
© L
-lto 40 | ol— L ~ 4L oo L— 1 1
g o 0 1000 2000 30001 a s | I, 0 2000 4000 6000
= Wave numbers (cm™) i 3k ’ 292K ‘Wave numbers (cm'l)
g 20 25K é
b"‘ B - 2 T M
80 K ©
160 K
225K - ————= 1F
0 292K L 1 L 1 T 1 0 L | L
0 100 200 0 0o 0 200 400 600 800

Wave numbers (cm'l) Wave numbers (cm'l)

FIG. 2. Far-infrared conductivity for the axis of the SC FIG. 3. a-axis conductivity of the AF sample at 25 and 292 K.

sample. At all temperat.ur.es thgre Is a finite frequency peak ir]:'éelow 300 cm? a broad resonance develops in the low tempera-
o,(w). The peak grows in intensity and softens as the temperaturg, . spectrum which is absent at 292 K. In addition, the 25 K

IS Ic_nv¥erid toch. Belql_V\r']TC. the pehak’s intensit2y5is s(ljlngglg }r(educed spectrum shows a minimum near 400 ¢msimilar to the SC
as it further softens. The inset showg(w) at 25 an up to sample. The inset showso(w) for frequencies up to

4000 cm ! where they axis has been reduced by nearly an order OfSOOO cm® (=1 eV). At low temperatures an absorption peak
magnitude. The peak is clearly visible even at 292 K. The insei)ecomes visible neaD.——VZZOO ontl

shows the canonical pseudogap behaviorgfw) as seen in the

underdoped hole cuprates. As the temperature decreases the low _. .
frequency peak narrows below a characteristic frequency, Figure 2 shows the real part of the conductivityi(w),
(=650 cntd). for thea axis of the SC sample generated from R(e) data

in Fig. 1. The most prominent feature is the peaksif{ »)
below 100 cm’. This should be contrasted with the behav-

. 71 . .
slightly below 100 cm*, but at all higher frequencies the o of conventional metallic systems which can be described
spectrum was identical to the dataTat(25 K) within 0.1%. by the Drude model

The fact that the sample is truly a bulk superconductor can
be confirmed by Fig. 4 were theaxis reflectance changes 9
dramatically belowT . o2 ()= @WpT 1)

The FIR reflectance of the AF sampeanel B is quali- ! 1+ w22’
tatively different from its SC counterpart. The reflectance is
lower at all temperatures and above 400 ¢éndecreases wherer is the charge carrier lifetime, and, is the plasma
more quickly with increasing frequency. The phonon modefrequency which is determined by the ratio of the carrier
seen at 300 cm' in the superconducting sample is still density to effective mass. This form of the conductivity is a
clearly visible in theR(w) data of the AF sample. Three Lorentzian centered ab=0. The peak inoi(w) at w#0
other modes that have been previously repdftedn also be observed in NCCO signals a departure from conventional
identified at 130, 340, and 510 crh In addition a broad metallic transport. This is also evident from the nonmono-
“hump” structure extending from 250-450 cm is ob-  tonic behavior ofR(w) displayed in the top panel of Fig. 1.
served which grows in intensity as the temperature is low-The peak ino,(w) grows in strength and softens as the
ered. No downturn irR(w—0) is found in the measured temperature is lowered. In the superconducting state the peak
frequency range. frequency shifts to 55 cm and peak height is slightly re-

The right panel of Fig. (c) shows thea-axis reflectance duced. The inset of Fig. 2 shows the 292 K and 25 K spectra,
over an extended frequency range for both the SC and AlWhere they axis is nearly an order of magnitude smaller than
samples at 292 K and 25 K. The dominant featur@b) in  in the main figure, and the scale of tReaxis extends up to
both samples is a plasma minimumaat- 11000 cm*. The 4000 cmi! (=0.5 eV). Itis clear that the peak is a robust
reflectance of the SC sample-is10% higher than that of the feature seen even at room temperature. Also notice that the
AF sample in the midinfrared, but drops below it near the25 K curve is nonmonotonic above the peak, showing a local
plasma minima. In the SC sampR{®) at 25 K smoothly ~minimum at 400 cm. At higher frequencies;(w) decays
joins the room temperature reflectance before the plasmslower than expected from EL).
minimum. In contrast to this behavior, in the AF sample the In Fig. 3 o1(®) is shown for the AF sample. The elec-
25 K curve crosses the 292 K spectrum at 1000 tand in  tronic background ofr,(w) at 292 K is rather flat with the
the low temperature spectrum reveals a partial gap-like deexception of a step-like feature near 400 ¢mAt 25 K a
pression at w<4000 cm®. This structure has broad resonance is observed at 50 ¢riw<300 cml.
previously been reported by Onose and co-workeérs. The AF sample has a semiconducting resistivity, so as
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FIG. 4. Right panelc-axis reflectance at 25 K of both the SC calculated with only the contribution @f=17. From the location of
(solid lines and AF samplédashed-dotted lineAbove 100 cm'  the minimum inR(w) and this value of we find A\;=26 wm as
the spectra of both samples are nearly identical. Three strongescribed in the text. Additionally using and Eq. (1) we fit
phonons are observed in the far-infrared. The left panel shows thglashed lingR(w) at 25 K with o(w=0) as the free variable and
sub-Terahertz reflectance at 25 K and lower temperatures. A slighbtain a best fit wittr(w=0)=1.5 Q% cm . Right panel: elec-
upturn is seen in the normal state spectraas0 indicating a finite  tronic contribution too;(w) in the SC sample below the first pho-
electronic contribution to the conductivity. As the sample becomeson. Notice the nontrivial temperature and frequency dependence
superconducting the characteristic plasma edge develops due to thgove and below . The inset shows the peak in the loss function
screening of the superconducting carriers. due to the development of the superconducting condensate.

©—0 the f’ K cuhrveSi(s: expectled to (;irpp belczjw thle 292 Ktermined directly from the raiR(w) data. For this purpose
spectrur_nl. As N the sampie-a minimum develops Nedfq gpoy the low frequencR(w) data for the SC sample at
400 cm * in the low temperature spectrum. The inset SNOWS; « 54 75 K in the left panel of Fig. 5. The location of the

o,(w) over an extended energy region for several differentminimum in R(w) is the screened plasma frequenegg _

temperatures. At low te,T%e ratures a peak in the absorptlo,?he screened plasma frequency quantifies the superfluid den-

emerges at=2200 cm - sity, ps: w’p* =\ps/ €., Wherepsxngs/m* andng is the den-
_ sity of paired electrons anah* is their effective mass. The
B. c axis reflectance can be expressed in terms of the dielectric func-

The c-axis reflectance for both the S6olid lineg and AF  tion asR(w) =[(e—1)/(\/e+1)]2. By letting e=const, we
(dashed-dotted linesamples is shown in Fig. 4. The two can account for the nearly flat reflectanceTat and just
samples are very similar over most of the frequency rangedbove the plasma minimum at lower temperatures below the
The FIR reflectance is dominated by three strong phonoffrequency of the first phonon. Specifically a valueest17,
modes at 134 cm, 268 cmi!, and 507 cm® (right 9gives a constant reflectance of 37%ashed ling With this
pane). At higher energies a flat featureless reflectance is obvalue of e and the location of the minimum iR(w») we
served up to 40000 cnt (~5 eV), after which the re- determineps=3600 cm 2 which corresponds to a-axis
flectance begins to rise. Both samples showed some temperenetration depth of .= c/\/ps=26 um. This value is con-
ture dependence in the phonon region. Above 700 tthe firmed by an analysis of the dielectric function generated
reflectance of both samples was independent of temperatursom a Kramers-Kronig transformation 8 ). Along these
Also note that atw>60 cm ! the reflectivity of the SC same lines we can gain an estimate for the dc conductivity at
sample is the same above and bel@w. The left panel T, directly from R(w). We model the upturn seen in the
shows the detailed temperature dependence of the SC samp&flectance of the 25 K spectrum as-0 with € and Eq.(1).
in the low energy region. AT =T, the reflectance is nearly A reasonable assumption for the spectra seen in Fig. 5 is
flat with just a slight upturn ase—0. As the sample be- 1/7>100 cni?, therefore there is only one free parameter,
comes superconducting a plasma minimum develops due mf)r: o4c, and we obtain an excellent fit to the data with
the screening by the superconducting current. This minimuna4.=1.5 O~ *cm™! (dotted ling.
deepens and moves to higher frequencies as the temperatureThe right panel of Fig. 5 shows;(w) obtained from
is reduced. Kramers-Kronig transformation d®(w) for the SC sample.

Some of the key parameters defining thaxis electrody- The frequency range is confined to the region below the first
namics of the normal and superconducting state can be dghonon mode ¢ <120 cni'!). The electronic contribution
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Wave numbers (cm'l) FIG. 7. The in-plane scattering rafEq. (2)] for the SC(right

pane) and AF (left pane) samples. Above 650 cnt in the SC
FIG. 6. Thea-axis differential conductivityo?Yw)— o/ (0)  sample the frequency dependence is linearwit®, l/r(w) is
plotted throughout the infrared. The oxygen reducing procedursuppressed faster than a linear extrapolation of the high frequency
leads to spectral weight transfer from the midinfrared to lower en-data. This suppression can be seen at all temperatures, but is most
ergies. The inset shows the spectral weight bete4 000 cm'* pronounced afl.. In the superconducting stateot shown the
for both the as-grown AF and oxygen reduced SC samples. spectrum is nearly the same asTat T.. The AF sample shows a
similar, but sharper thresholtarrow) also at 650 cm?®. These
to the conductivity is extremely weak. For examplg,(w  SPectra should be compared to ther(i/) data for hole doped
=10 cm Y)=1.5 O 'cm ! at 25 K, which is the same materials in Fig. 8.
value as was obtained from the fit B{ ) in the left panel.
Below T, the temperature dependence of the low frequencygample the midinfrared absorption is reduced, while the low
conductivity is anomalous; at 10 cmh o4(To) >0 (T  frequency (<1300 cm!) absorption increases. The inset
=7 K), however by 50 cm! o,(T.) has dropped below shows the effective spectral  weight, Neg()
the conductivity at 7 K. Also notice that;(T=19 K) is = [go(w’)dw’, for both the SC and AF sample. While the
greater thano(T.) throughout the entire frequency range low energy spectral weight grows more quickly in the SC
depicted in Fig. 5. sample, Ngg(w) is nearly equal by 12000 cnt
An example of the error iwry(w) is shown at 95 cm®  (=1.5 eV) for the two material® This effect is similar to
for the T=25 K spectrum. The error was calculated by the result of Ce doping frox=0.12 tox=0.2 in oxygen
propagating the uncertainty in the reflectance, and taking inteeduced Py_,CeCuQ,. 5.} The deoxygenation process
account variations caused by different extrapolations of thehat takes the AF sample into the superconducting phase ap-
reflectance to high and low frequencies. For the presengears to be similar to the doping processes in hole doped
analysis it is important to distinguish between absolute anduprates. Spectral weight is transferred to lower energies
relative errors. The absolute error is shown by the large barghich enhances the metallic response and induces supercon-
to bex1 Q 'cm ! The relative error in the temperature ductivity.
dependence is an order of magnitude smaller and shown by We now turn to the analysis of the evolution of electron
the small bars. dynamics associated with changes of carrier density from the
underdopedAF) region to the optimally dope5C) sample.
IV. DISCUSSION A useful optical constant within the context of this discussion

o is the frequency dependent scattering rte:
A. Electron dynamics in the CuQ, plane: Pseudogap

A unique characteristic of the electron doped cuprates is 2 1
the manner in which superconductivity is induced in the 1/7.(‘0):&,?5(_)' 2
phase diagram. The as-grown crystals of, NeCe CuOy, s 47 \o(w)

progresses from an insulator @0 to a metal ak=0.21

without the appearance of a superconducting phase. The sin Fig. 7 we plot 1#(w) for both the AF sampléleft pane)
perconducting state can only be realized by annealing thand the SC sampléight pane).3! Looking first at the right
as-grown crystals in an oxygen free atmospHémhile this panel we see that abowe~650 cm' ! 1/7(w) varies nearly
procedure reduces the oxygen content by only% 2 the linearly with w. However, at lower frequencies#{i) drops
changes ino;(w) throughout the infrared are significant. faster than this linear trend. The low frequency suppression
What can be drawn from Fig. 2 and Fig. 3 is that the AFis strongest at 25 K, yet persists even at room temperature.
sample is under doped with respect to the SC sample. Tohe top of the “shoulder” in 1#(w) is chosen as the fre-
quantitatively compare the differences i (w) Fig. 6  quency, ®, characterizing the low energy depression of
shows 039 w)— 01" (w) below 14000 cm®. In the SC  1/7(w).
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Under Doped | Over Doped ®=650 cm *, independent of doping. The magnitude of

Bi, Sr,CaCu,0 L Bi, ,Pb ,,Sr,CaCu,0;., -| 3000 lr(w) is hlg_her_ln the underdoped samp_les,_ and the onset of
the depression is much sharper. As doping increases the low
energy suppression of Afw) is weakened. In addition a
strong temperature dependence is observed across the energy

3000 |-

8+3

“'E 2000 |- p 2 - 200 ”-E range displayed for the more heavily doped samples. There
e | T Tz2K —_— - g are a few marked differences with the NCCO data. First,
3 3 1/7(w) in the superconducting stateot shown is nearly

= 1000k 000 S identical to the 25 K spectrum above 150 ¢ This is a

result of an anomalously small superfluid density, as will be
discussed in the next section. The second main difference is
that the depression in 4(w) is observed at all temperatures,
o s 1000 1500 0 300 1000 1500 2000 suggestingT* exceeds 292 K in both the AF and SC
samples. This latter result may resolve a long standing dis-
crepancy between the linear temperature dependent resistiv
FIG. 8. The in-plane scattering rate is plotted at 297K, and 1ty Of optimally doped hole cupratésand the nearly qua-
10 K for underdoped BBr,CaCuyOs, 5 (left pane} and slightly ~ dratic temperature dependent resistivity in NCCO. In the
overdoped BjggPhy 5.,CaCuy0g. 5 (right pane) (Ref. 33. Inthe  pseudogap stateT<T*) p(T) decreases faster than linear
underdoped compound a gap in(lb) (marked by arrowsopens ~ With decreasing temperature, possibly accounting for the
well aboveT,, while in the overdoped compound the gap only anomalous behavior found in NCCO. In fact recent experi-
opens in the superconducting state. Above the gaffed/is inde-  ments have found a nearly line@a(T) at T>292 K in
pendent of temperature for the underdoped system, while it is temNCCO32’
perature dependent at all frequencies in the overdoped phase. The observation of a pseudogap in NCCD,. €25 K)
with a characteristic temperatufé >300 K, has significant
Turning to the AF sample we again see the low frequencymplications on our theoretical understanding of this phe-
suppression of I{ w) which is now much more pronounced. nomenon. In particular, our data suggest that the pseudogap
In addition, the magnitude of the scattering rate is nearlynay be distinct from the superconducting gap. Determining
twice that of the SC sample. However, the characteristic frethe relationship between the pseudogap and superconducting
quency remains @ =650 cm ! as in the SC sample. The state has become a central problem in the field of high tem-
frequency dependence ofr{k) also remains nearly linear Perature superconductivity.Because many electronic prop-
above®, but there is less temperature dependence in thigrties such as Fig. @eft pane} and other® evolve smoothly
region than found in the SC sample. from the pseudogap to superconducting state, the pseudogap
Several features of #{w) described above for NCCO are IS often considered a precursor of the superconducting gap.
characteristic of the pseudogap state in hole dopedﬁ. addition, the similarities of the energy scales associated
cuprates*3%33*Figure 8 shows typical ¥(w) spectrum with the pseudogap and superconductmg states has also bgen
for under- and weakly over-hole-doped,Bi,CaCyOg. 5 used to support this view. In contrast, in the present experi-
(Bi2212).3% Examining first the underdoped compound in themMental work these two energy scales are much different. The
left panel, the most prominent feature is the depression opPSeudogap energy scaf@, extracted from }(w) is roughly
1/7(w) below=700 cni ! in both the normal and supercon- the same as found in the hole doped cupréaesut 5-10 %
ducting state. This depression is absent at 292 K were th€s9. However, recent photoemission W_B'dm NCCO indi-
linear highe trend continues to the lowest frequencies, yetcate that the superconducting gap is as small @ 2
is clearly well developed aT>T.. This reduction of the =3 meV, more than an order of magnitude smaller tan
scattering rate has been attributed to the opening of a partidinese data clearly suggest that in NCCO the pseudogap, as
gap, or pseudogap, in the density of states. In Bi2212 angetermined from (), is not the same as the supercon-
other hole doped cuprates the pseudogap has been showndiécting gap. Whether this conclusion will hold in other cu-
have the samé,z_,> symmetry and similar magnitude as the Pratés where ~the two energy scales are very
superconducting gai>. Turning to the overdoped sample in Similar will require further study.
the right panel we see that the feature im(1) is now only A complimentary interpretation of the pseudogap struc-
observed in the superconducting state. The overall magnitudére in 1/(w) may be formulated n terms of charge carriers
of the scattering is much smaller, and at high frequencie§oupling to a collective mod%g__‘ At the energy of the
1/7(w) is temperature dependent. The doping depender’m()de a new channel of scgtterlng4{)pens for lthe charge car-
trends of 1#(w) are consistent with a variety of other Mers leading to an increase infl).* From an inversion of
measurement¥in the underdoped phase a pseudogap opende 1/-(w) curve the spectrum of the collective mod w)
at a temperaturd* >T,, with an energy scal@=24, can be estimatetf
while the pseudogap is absent abolgin the overdoped 1 d2 1
phase. W(w)=z— —2( w—) . 3)
Looking back at the NCCO data in Fig. 7 we can see 2m do ()
several features that are common te(1/) in the hole doped The top panel of Fig. 9 showsdjw) at 10 K along with the
cuprates. The onset of the depression in(d) remains at above inversion. The spectraWf(w) shows a clear peak at

Wave numbers (cm'l)
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FIG. 9. Left panel: 1#(w) at T=10 K for several different

families of highT_ cuprateqRefs. 34,43—-4p All the spectra share FIG. 10. Main panels.o;(w) within the CuQ plane for
a similar loww depression with a nearly linear frequency depen-Bi,_,La,SLCuQ, with x=0.3 (top panel and x=0.4 (bottom
dence at higher energies. Right pan&w) derived from 1f(w)  pane) (Ref. 57. A finite frequency peak can be seen below
using Eq.(3). Again, the spectra dlV(w) all have similar form. 100 cnt ! in both samples for all temperaturé92 K, T, and 10

K shown). The inset shows the reflectance data where clear maxi-

=400 cm L. Also included in Fig. 9 is a representative Mum can be seen near 150 chrfor both dopings.

collection of 1/(w) spectra and their correspondiig( )
for several different families of electron and hole doped cu-ality the electron gas is particularly susceptible to localiza-
prates including single, double, and triple layertion effects arising from disorder. Examples can be found in
materials$’**3~%°In all of the materials inversion of #4(w) 1D organic conductor$ and 2D field effect device¥. Lo-
produces similar structure W(w). RecentlyW(w) derived  calization effects should also not be surprising in the cu-
from the 1f(w) spectra in YBaCu;O;_ 5 (YBCO) has been prates where the nearly decoupled Gué&yers give rise to a
attributed to antiferromagnetic fluctuations seen as a 41 meYjuasi-2D system. In optical studies of controlled induced dis-
peak in inelastic neutron scattering experiméAtdowever,  order in ion irradiated YBgCu;Og o5 (Ref. 54 and Zn doped
this peak has only been observed in YBQRefs. 46 and 47  YBa,Cu,Og (Ref. 55 a finite frequency peak ior;(w) pro-
and Bi2212%8 Clearly, the remarkable similarities of div) gressively developed with the introduction of disorder. Other
and thereforéeN(w) found in different families of cuprates cuprates may show “intrinsic” disorder due to the substitu-
shown in Fig. 9 calls for a uniform description of this fea- tional process which controls the charge carrier density and
ture, rather than ad hoc scenarios for each compound. induces superconductivity. NCCO may fit in this latter
While the microscopic origin of the low depression in  category;® because the oxygen reduction process leaves a
1/7(w) is unresolved, it is clearly a feature common to allrandom distribution of oxygen vacancies. Another
families of cuprate superconductors. This global similarity ofexample of an “intrinsically” disordered system is
the low energy charge dynamics is in agreement with théi,Sr,_,La,CuQ,,°’ where an inhomogeneous distri-
suggestion that the pseudogap is a generic feature of tHeution of La and Sr doping may give rise to the observed
doped Mott-Hubbard insulatéf. In addition these results localization effects®%°
support the idea that the key features of the low energy To compare with the NCCO results Fig. 10 shows an ex-
charge dynamics in higfiz cuprates are the same for both ample of peaks inri(w) in hole doped BiSr,_,La,CuQ,
electron and hole doped materials. for two different levels of La doping’ The main panels
show the conductivity in a similar fashion to Fig. 2 and the
o insets show th&(w) data. Three temperatures are displayed:
B. Localization in the cuprates T=10 K, T, (28 K for x=0.3 and 25 K forx=0.4), and
We now turn to the discussion of the low frequency in-292 K. The most important feature for this discussion is the
plane conductivity. As pointed out earlier the SC sampleobvious maximum seen iR(w) spectra near 150 cnt in
shows a peak iwr;(w) below 100 cm?®. The peak is un- both crystals. As discussed earlier the nonmonotonic behav-
usual because it signals a qualitative departure from a frer of R(w—0) is a clear indication of a finite frequency
carrier response. In a wide variety of elemental metals th@eak ino;(w). As the main panels show the peaksiy( )
response of the charge carriers is adequately represented ase similar to that seen in NCC(Fig. 2). The peak in the
the Drude mode[Eq. (1)].°° In more complex materials in x=0.4 sample is at 90 cit and in thex=0.3 sample it is
which o;(w) deviates from the Lorentzian form suggestedslightly lower but less well defined. In the superconducting
by Eg. (1) the conductivity still remains monotonic as  state the peak in both samples softens.
—0. The peak inri(w) at a finite frequency is indicative of One puzzle with the localization effects observed in the
charge carrier localizatiot. In the regime of low dimension- optical conductivity of NCCO and other cuprates is the per-
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sistence of “metallic” dc resistivity(positive dp/dT). Con- 10} e
ventionally the peak inr;(w) is accompanied by an acti-
vated dc transport. Moreover, the frequency of the peak in
o,(w) agrees well with the activation energy extracted from
the resistivity data for 2D electron gas in Si field-effect
transistors® Nevertheless, a coexistence of the “metallic”
resistivity and the peak ior;(w) is a robust result reported
for a variety of cuprates. This enigma can be qualitatively § 10!
understood by considering the complexity of the Fermi sur->—,
face in the cuprate®. The dc conductivity primarily probes 2 I
the quasiparticles at the zone diagonal wheredtheve gap 10° |
has nodes. The optical conductivity is also dominated by the
nodal regions. However, electronic states at the zone bound
aries[ (,0) or (0sr)] are also sampled through the IR mea-
surements as evidenced through the observation of the
d-wave pseudogaf’** According to recent photoemission
results, with the systematic addition of impurities, states de- °1(Tc) (Q‘lcm'l)
velop within the gap at#,0) 52 This has recently been con-
firmed through the observation of intragap resonances with FIG. 11. Universal plot showing the correlation between
scanning tunneling microscofyWe believe that these reso- oa(T=Tc) and\;? in layered superconducto(Refs. 71,72 The
nances may be connected with the peak observed (). bottom line corresponds to the hole doped cuprates. The top line
At the same time the dc transport is effectively shunted byncludes 2D organic superconductors, transition metal dichalco-
the highly mobile nodal quasiparticles and therefore remaingenides, granular metal films, and Josephson junctions prepared
relatively insensitive to the dramatic changes close to thd/om elemental metals. Our measurements indicate that NGGD
zone boundary. in plot) belongs to the same universality class as the hole doped
The effects of disorder are also expected to be prominerﬁ”prates'
in the superconducting state. Irdavave superconductor dis-
order leads to pair breakirfd and will therefore decrease the
total amount of superfluid. Infrared studies have shown that In contrast to the changes in tlaeaxis optical response
with increasing disorder the superfluid densips)(is sys-  when varying the oxygen content, there is very little differ-
tematically depleted while a concomitant growth of the finiteence between the SC and AF samples alongcthgis (Fig.
frequency peak ir;(w) is observed*>°In NCCO we also  4). The matrix element that dominates interlayer transport in
observe an anomalously small superfluid density. This can beuprates has been show to have the same symmetry as the

10? 3 Conventional layered superconductors

Cuprate superconductors

10.1 MUY BT STEETITY R ETTTTY BT TITY| BRI PEENETIT
101 10° 10! 102 10° 10* 10°

C. Interlayer transport

demonstrated from the following sum rifé: d-wave gap: nodes atx(,7r) and antinodes atr,0) %° There-
fore our polarized infrared measurements can be viewed as
120 (W, an indirect probe of doping dependent changes in the Fermi
C . . . . .
ps=— [‘T’I‘(w) — of(w)]dw, (4) surface topology. If this interpretation is applied to the results
™ Jo* shown in Fig. 4, one can conclude that the oxygen reduction

procedure that induces superconductivity has very little ef-

where the superscriptd and S refer to the normal and su- fect on the Fermi surface neatr(0). This is also confirmed
perconducting state. Applying E¢4) to the data in Fig. 2 at by the observation of a pseudodayhich is a (r,0) effect’]
7 K and 25 K with the integration cutofv.>1 eV we in the in-plane scattering rate for both the AF and SC
obtain 4<10” cm 2. This is only 4%(Ref. 66 of the spec- samples. In contrast, Figs. 1-3 show that the low energy
tral weight of 16 cm™2 which corresponds to the penetra- excitations on other parts of the Fermi surface are dramati-
tion depth of~1500 A reported by microwave and mag- cally altered. Thus, the oxygen reduction process appears to
netic measurement$’% A similar suppression ofps is  have the largest impact near the zone diagonals. Angle re-
found in the data for BiSr,_,La,CuQ, in Fig. 10 and was solved photoemission and othkrdependent probes would
also reported for other cuprates where a peakrifw) is  be useful in confirming this result.
observe*°5:57:44.45 The most obvious change in the interlayer transport with

In contrast to our results, Homes al® found a value of oxygen doping is the low frequency plasmon that develops
A=1600 A from the above sum rule analysis, and did notdue to the presence of superconducting carriers. From the
observe a finite frequency peak in(w). One possible ex- location of this plasmon a value of.=26 um is found
planation is that theT,=23 K crystal was slightly over- (Sec. llIB), in good agreements with Terahertz transmission
doped with respect to the crystals measured in this study. Imeasurements on thin films of NCC®.It has been
the overdoped phase the interlayer coupling of the CuOshowr{™"?that a universal correlation exists betwegnand
planes increases and a more 3D character develops, makiag(w— 0, T.) in the hole doped cuprates. This correlation is
samples less susceptible to localization effects. Doping degiven by)\gz=(201(w—>0, T.), whereQ is related to the
pendent studies on NCCO and other cuprates showing sigrenergy scale from which the superfluid is collected. The
of localization would help clarify this matter. thick line in Fig. 11 represents this correlation for hole
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doped cuprate& Other anisotropic superconductors that
have conventional normal and superconducting properties 3Sp 1e
also follow this correlation(thin line) but have a smaller g
constant of proportionalitf). Organic superconductors, Jo- i >§ 0.5
sephson junctions prepared from elemental metals, transitiol~ = :
metal dichalcogenides, and granular films belong to this lat-S, 2t oo Lt .
ter group. Our results for NCCO are shown in the plot as a= 012345678 §
star. NCCO clearly belongs to the same universality class a:E i /24
the hole doped cuprates. The origin for the different scaling< ®
behavior between the cuprates and other anisotropic supe 1w, = L .
conductors is as yet unresolved, but may be related to the =
incoherent nature of the conductivity discussed below. S T ey
In order to understand the impact of the superconducting |- . R
transition on the interlayer transport it is useful to examine L e s e e e
the distinct contributions too(w). In the supercon-
ducting state the conductivity can be represented by twa T/T
components:

FIG. 12. The normalized missing spectral weidbefined in
text), AK(T)/ps(T), shows the fraction of the superfluid density
collected fromw>8A as a function of reduced temperature. The
inset shows a calculation @f;(w) above and belowr . for a BCS
The first term represents the paired carriers and is given byuperconductor in the dirty limit. The lines at the bottom of the
¥ (w)=ps8(w=0)/8. The second term corresponds to un-main panel shows howK (T)/p4(T) in this model system depends
paired carriers below . and is plotted in the right panel of on the integration limit (/;) in Eq. (6). Notice that withW,=8A,
Fig. 5. While 0%@(w) is outside of the range of our experi- as in the experiment, only 7% of, is drawn from higher energies
ment, the formation o which gives rise to this term can be in the model calculation.
seen in the energy loss function, Im(/e), plotted in the
inset of Fig. 5. In a conducting material the loss functionpeen studied*”® oS=cY all ready at 2\, and this equality
shows a peak at a frequency proportional to the carriergontinues throughout the experimentally available range
plasma frequency. Looking at the plot of Im(/e) we see (~20A).
that atT=T, (thin black ling the loss function is flat and The analysis of Eq(6) reveals the energy scale of the
featureless corresponding to an overdamped plasmon. As thectronic states that make up the superconducting conden-
temperature is reduced beldly a sharp resonance develops sate. In order to determine the relative amounpgforigi-
signaling the formation op. _ nating fromw>W, we define the normalized missing spec-

The development ops must be contrasted with the be- g weight (NMSW) as AK(T)/p(T). This ratio gives the
havior of oy () in Fig. 5. From the sum rulgEq. ()] we  fraction of the totals-function spectral weight drawn from
see that ap; increases there should be a corresponding deg, >\, =8A. The NMSW is plotted as a function of reduced
crease ino3(w) at finite frequencies. What is actually ob- temperature in Fig. 12. This fraction is close to 1 below
served is much different. At 19 K, where the peak in the los 57, but increases well above 1 @s-T.. The inequality
function indicates a nonzero superfluid densityi(w) is  AK(T)/ps(T)>1 means that in addition to the growth of
larger than the normal state curve at all frequencies shown igt » =0, the finite frequency spectral weight @t W, in-
Fig. 5. In fact above 50 cm' the absorption is greater at all creases below T.. While there has been an effort

temperatures in the superconducting state compared to thg understand the NMSW in other cuprates where 0

normal state curve at 25 K. In order to better elucidate thi3<AK/ps<1,73*76‘8°there is currently no theoretical basis in
behavior we rewrite Eq.4) as ps=(120/7r)f\évf[a’f(w) which to understand the inequalityK/ps>1.

_gf(w)]dw+AK, where we have split the integral in In order to clarify the role of the cuto#V, in the analysis
two:"2 of the energy scales involved in the formation of the super-
conducting condensate we repeat our analysis with a model
120 (= BCS system. In- conventional §upercqnductors which follow
AK="=| [oN(w)- o w)]dw. (6)  the BCS formalism the formation ofs is always accompa-
™ Jwe nied by adecreasein low frequencyo(w) at T<T., in
accord with Eq(4). The inset of Fig. 12 gives an example of
AK represents the contribution #{0) from the experimen- o(w) for a BCS superconductor in the dirty linfit.In the
tally inaccessible integration region. For theaxis, above superconducting state of the modal(w) is zero below A,
120 cm ! the electronic component of the conductivity is then increases sharply and merges with the normal state con-
overwhelmed by the response of the phonons. Therefore thductivity. The effect ofW, on Eq.(6) for this model calcu-
limit of integration is taken a®/,=120 cmi !, which cor- lation is shown in the main panel. For all valuesWf the
responds to-8A.° While the absolute value df/; is small, NMSW is constant with temperature. The NMSW is always
it is worth noting that in all hole doped cuprates that haveless than 1, regardless of the choiceVdf. For W.=2A,

() ="M w)+ Y w). (5)
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half of pg is drawn fromw>W,. However, withW,=8A, evolution of 1#(w) from the underdoped AF sample to the
similar to our experimental cutoff, only 7% pf comes from  optimally doped SC sample closely follow the behavior of
o>W,. This example merely reflects the fact that in thethe hole doped cuprates. In NCCO the pseudogap energy
BCS model of superconductivity the electronic states thascale® is more than an order of magnitude greater than 2
form the condensate lie near the Fermi energy. In contrast his result implies that, at least in NCCO, the pseudogap and
the differences seen in the NMSW of NCCO indicate fhat superconducting gap are not the same.
is being collected from an extended energy range, by far The peak seen in the in-plane conductivity, along with a
exceeding the superconducting gap. low value of pg is often observed in disordered hole doped
In BCS theory, there is only one energy scale involved incuprates. Disorder in low dimensional materials, such as the
superconductivity: the superconducting gApHowever, the cuprates, often results in charge carrier localization. How-
data for NCCO suggests that plays little if any role in  ever, the nontrivial topology of the Fermi surface in the cu-
determining the region from whichg is collected. This in- prates may lead to a coexistence of localization features in
dicates that there is an additional energy scale which isri(w) with metallic dc transport.
greater than &, in cuprate superconductof$®° A sum rule analysis of the-axis conductivity reveals
Studies of the doping dependence of the NMSW insimilar trends as is observed in hole doped cuprates. Namely,
Tl,Ba,CuQ;. s (Ref. 82 and YBgCu;Oq4. 5 (Ref. 795 have  the spectral weight that is transferred to the delta-function
found this effect to be largest in underdoped compounds. Thpeak atw=0 below T, originates from an energy range in
conclusion drawn from these experiments is that when thexcess of @&. This is fundamentally different from the be-
normal state is incoherent, with low spectral weight, the suhavior of conventional superconductors, and indicates a large
perfluid is derived from high energies. As a more coherenenergy scale is involved in superconductivity in both electron
response develops at low frequencies, the superfluid ignd hole doped cuprates. In addition a comparison of the
formed from this spectral weight near=0. The incoherent normal and superconducting properties in NCCO clearly
conductivity which drives the source pf to higher energies places it in the same universality class as the
has been linked to the normal state pseuddgdjor techni-  hole doped cuprates as opposed to other conventional
cal reasons we were not able to observe a pseudogap in thayered superconductors.
c-axis conductivity of NCCG? However, the extremely
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