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Theab-plane reflectance of a N@<Ce, 1£CuQ, single crystal T.= 23 K) has been measured from35 to
9500 crri ! at temperatures above and bel®w, and the optical properties calculated from a Kramers-Kronig
analysis. A rich phonon spectrum is observed, and there are a numbeixaf infrared and Raman modes that
are observed at low temperature which are believed to be activated by disorder; several of these modes show
evidence for electron-phonon coupling. The normal-state optical conductivity may be described by a Drude-
like component and an overdamped midinfrared component. The Drude-like component narrows rapidly; at 30
K the mean free path is estimated tos&50 A. BelowT, the Drude carriers collapse into the condensate; the
plasma frequency of thé function is determined to be,s~10 000 cm . The small coherence length
(¢,~=70 A) places this material into the clean limig{/1<1). The London penetration depth is determined to
be \,,=1600+ 100 A, which places it well off the Uemura line. Estimates of the electron-phonon coupling
from normal-state transport measurementshg& 0.5, and the absence of Holstein sidebands belQw
indicate that the carriers that participate in superconductivity are weakly coupled to the phonons. The small
values for the penetration depth and the electron-phonon coupling constant suggest that the superconductivity
in this material is not due to the electron-phonon mechanism, and is different than in other hole-doped
superconducting cupratdsS0163-18207)00434-1

[. INTRODUCTION However, the magnetic-field dependence of the specific-heat
anomaly**® and  thin-film  transmissioi  of
In most high-temperaturéhigh-T.) superconducting cu- Nd,_,Ce,CuQ, both show a non-BCS-like behavior.

prates, such as YB&uzO,_ s and La_,Sr,CuO,, Whether or not this system can be considered as a con-
the Charge carriers are doped holes. However, m/entional BCS-type superconductor is an important question,
Nd,_,Ce,Cu0,, where superconductivity is induced by given the strong evidence that the other hole-doped cuprates
substituting N&*+ with Ce**, the CuG, planes are believed are not. Infrared techniques _have long been _acknowlecjged as
to be doped with electrohss well as holed.Another im- & Powerful method for problnsg the electronic properties of
portant difference between Nd,Ce,CuQ, and other cu- metals and superconductdfs,> and may provide "?f‘?rma'.
prate superconductors is the coordination of the planar co 1%” gbogto ﬂ\1/‘\3/h'l ne:]ture h of b superconcz)ucnvfny n
per atoms. In orthorhombic YBgCuz;O-,_ s and tetragonal on Ztﬁé iﬁ?ral:eggjlﬁ_zlzgrf deézmz\ég_zge Srnozenr?ig]s i']; (():errzgr)r?_rts
La,_,Sr,CuO, apical oxygen atoms sit above and below the

i ieldi | tahedral dinati ics, thin films, and single crystals of Nd,Ce,CuQ,, to
copper atoms, yielding a nearly octahedral coordinationy,q there has been no investigation of the far-infrared opti-

However, Ndb_,Ce,CuO, is a modified tetragonallz)  cq properties of single crystals.

Cu-O layers with no apical oxygen atoms, resulting in cop-Nd, 4.Ce, :CuO, (T.=23 K) over a wide frequency range,

per atoms with square coordination. Within the (RO at temperatures above and bel@w. While the optical prop-

layers in between the Cuplanes, the N(Ce) and O atoms  erties cannot make an absolute determination of the nature of

are not coplanar. The resistivity perpendicular to the guO the gap, they show a detailed phonon spectrum and they

planes is much higher than that in the planpg,&p.), and indicate that the coupling between the carriers that become

there is some evidence for an incipient metal-insulator transuperconducting and the phonons is very small, suggesting

sition along thec axis in these materials at low temperatfire. that the pairing mechanism is not phonon mediated. The
The Nd,_,Ce,CuQ, system has attracted a great deal ofsmall value for the penetration depth also separates this ma-

interest because of its possible conventional B&®ave terial from other cuprate superconductors.

pairing in the superconducting state, as opposed to the un-

conventiogwald-wavg behavior propose_d for the hole-doped Il. EXPERIMENT AND SAMPLE PREPARATION

cuprates:® The microwave surface impedance measure-

ments on both thin films and single crystals have shown Large, single crystals of NgksCeg,1:CuO, were grown

evidence for a conventional BGSwave behavior with agap from a CuO-based flux using a directional solidification

of 2A~4kgT..””® Tunneling measurements have alsotechnique?® A mixture of high-purity(99.9%9 starting mate-

shown a resemblance to conventional supercondutors.rials of Nd,O3, CeO,, and CuO were heated rapidly to just
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FIG. 1. The reflectance of Ng:Ce;,:Cu0O, (T,=23 K) for
ELc(]lab) at several temperatures abclg(295, 180, 100, and 30

K), and belowT, at 10 K fr_om~30 to 1500 cm *. At RW tem- several temperatures aboVg (295, 220, 180, 100, and 30) kn the
peratures, the reflectance is over 95% belew000 cm = Inset: normal state. In the normal state, the conductivity may be approxi-
The reflectance at 295 and 10 K over a much wider frequen<:¥nated by a Drude componefttashed lingand a mid-infrared band
range. (dash-dot ling, which have been drawn for the 30 K data. The
) ] ] ] extrapolated value fowy at 295 K is~=7000Q % cm™2, while at

above the melting point1270°C for this Ce concentratidin oy temperature just abovE, the Drude component has narrowed
After a soak of of several hours at the maximum temperagonsiderably andg~5x 10 Q~* cm . The downward pointing
ture, the materials were cooled slowly to room temperaturearrows denote vibrations which are present at 295 K. The arrow
During the course of the growth, the flux was allowed topointing left indicates that satisfactory fits may also be obtained
flow out of the crucible at the end of the growth process, sasing overdamped midinfrared oscillators at very law-¢0) fre-
that free-standing crystals are left in the bottom of the cru-quencies.
cible that do not need to be mechanically separated from the
flux. To induce superconductivity, the crystals were annealegyer a much wider frequency range. The reflectance of
in an inert gas atmosphefe. Nd; g<Ce, 14CUO, displays a strong “metallic” character,

The reflectance of a single crystal of NglCe,;<CUO,  and is over 90% forw<1000 cmi ® at 295 K. There is a
has been measured for the radiation polarized parallel to thgpstantial temperature dependence in the reflectance, which
ab plane from~30 to 9500 cm *, at temperatures above increases quickly with decreasing temperature until at 30 K it
and belowT, on a Bruker IFS113V Fourier-transform inter- is gver 95% in the same frequency range. The high values of
ferometer, using a sensitive overfilling technidfi@he crys-  the reflectance contrasts with a the lower reflectance of a
tal examined in this case was2X2 mm in theab plane,  gjmilar hole-doped material Lg:Sr, -CuO, material?*
but was quite thin along the axis (~50 um). The crystal  Also, the characteristic “ledge” in the reflectance at50
had a flat, mirrorlike surface that was free of flux. Both re-cm~—1 that is observed in many of the hole-doped cuptates
sistivity and magnetization showed a sharp superconducting apsent in this material. Despite the high values for the
transition at 23 K, with a width o1 K.?° _ reflectance, there is a great deal of fine structure bet®00
__ The optical propertiedi.e., the complex conductivity cm~1 visible at 295 K; this structure becomes sharper as the
o=o01+i0,) have been calculated from a Kramers-Kronig temperature is lowered and a number of new features are
analysis of the reflectance, which requires extrapolations aibserved as well.
high and low frequencies. At low frequency, the reflectance The real part of the optical conductivifyr; (w)] has been
was extrapolated to zero frequency by assuming a Hagermalculated from a Kramers-Kronig analysis of the reflectance
Rubens 1 Rx+w dependence abovE;, and a supercon- curves in Fig. 1. The normal-state conductivitfT,) is
ducting 1- Rxw? dependence beloW.. The reflectance shown in Fig. 2 from~30 to 800 cmi ! at 295, 220, 180,
has been extended to high frequency using the data of Zhari@0 K, and just abové&, at 30 K. The normal-state conduc-
et al. for Nd; gfCeq ,CuO, (=6 eV),?® and Uchidaet al.for tivity can be described in general terms as a Lorentzian cen-
La,CuO, (=35 eVW),?! above which a free-electronR( tered at zero frequency and an overdamped midinfrared com-

FIG. 2. The real part of the optical conductivity,(w) for
Nd; gCeq 14CU0, (T,=23 K) for ELL ¢ from ~30 to 800 cm * at

*w~ %) behavior was assumed. ponent. At room temperature the conductivity associated
with the zero-frequency Lorentzian is quite broad. However,
IIl. RESULTS AND ANALYSIS as the temperature is lowered there is a rapid narrowing of

this feature as spectral weight is transferred from high to low
The ab plane reflectance for Nc&k=Ce, ;CuO, (T,=23 frequencies, while the conductivity at high frequency shows
K) is shown in Fig. 1 from~30 to 1500 cm! at several little change with temperature.
temperatures abovE, (295, 180, 100, and 30)Kand below Figure 3 showsr;(w) over the same frequency range just
T, at 10 K. The inset shows the reflectance at 295 and 10 KboveT, at 30 K, and belowl; at 10 K; the inset in Fig. 3
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ERE wherew,p andl'p are the plasma frequency and damping of
1 the Drude component, and;, y;, and w,; are the fre-
quency, damping, and effective plasma frequency ofjthe
e Lorentzian contributior(phonon, interband excitation, efc.
o :@gqué?«%?( (lcig?‘)z"‘) . The phonon' feat.ures.in the conduc;tivity are symmgtric,_ and
1 have been fit using simple Lorentzian oscillators with either
——30K (normal]] linear or polynomial backgrounds. The results of the phonon
"""""" 10K (SC) fits to o1 (w) at 295, 30, and 10 K are listed in Table I.
However, one of the difficulties of the two-component
TN model is that to reproduce the broad, flat region of the con-
ductivity in the midinfrared, several overdamped oscillators
200 400 600 800 must be included as well as a Drude component. While the
FREQUENCY (crn-!) combination of Drude and midinfrared bands fit the conduc-
tivity at 30 K reasonably welt (as shown in Fig. R the
large number of parameters and the large amount of spectral
weight associated with the low-frequency midinfrared oscil-
lators, makes it difficult to put much faith in the returned

—
o
T

CONDUCTIVITY (103Q-tcm™1)
o

FIG. 3. The real part of the optical conductivity;(w) for
Nd; gCe 1:CUQ, (T.=23 K) for ELL ¢ just aboveT, at 30 K, and
below T, at 10 K, from=~30 to 800 cm ®. The missing area be-

tween the two curves represents the spectral weight of the condexal_llfﬁs Of(t‘;PD andl’p . f1h idinf d bands in th
sate. The downward pointing arrows denote spectral features that e arbitrary nature of the midinirared bands in the two-

are not present irr,(w) at 295 K. The error bars at 10 K represent cOMponent model have lead to the more general assumptions
the uncertainty ino;(w) given an error of+0.1% in the reflec-  Of the one-component, or generalized Drude model, in which
tance. Inset: The optical conductivity at 10 and 30 K over widerthe damping rate is frequency dependent,
frequency range. There is little difference in(w) for these two 5
temperatures in the midinfrared, where the optical conductivity is ~ _ wp

flat and featureless. €(0)=€x— o[m*(o)/m][o+il'(w)]’

(2

i wherew,, is the Drude plasma frequency of the charge car-
shows o1(w) at 30 K and 10 K over a wider frequency riers, and I'(w)=1/m(w) and m*(w)/m describe the

range. While the high-frequency conductivity=800  frequency-dependeritinrenormalizeficarrier scattering rate

cm™ 1) shows little temperature dependence above and beind effective mass enhancement over the lbareoptica)
low T, the low-frequency conductivity has decreased dramass. The effective mass is also given by*(w)

matically belowT.. The missing area between these tWo=m[1+\(w)], where \(w) is a frequency-dependent
curves is associated with the collapse of the free carriers inteenormalization. The complex  conductivity is
the superconducting condensate. A consequence of_ havirm(w): —iwe(w)/(41), which neglecting the contributions
reflectance near unity at low frequency b= T, is the in- due toe., | is E(w)zwf,/{47-r[m*(w)/m][w—iI‘(w)]}. The

crease n thg uncert.amty 0&1((.‘)) n the same low- 1/7(w) and\(w) can be found experimentally by
frequency region. To illustrate this point, a series of error

bars have been superimposed on the conductivity at 10 K in 1 w2 1
Fig. 3 which represent the range of conductivities that result =L e{N— 3)
from adding or subtracting 0.1% to the reflectance at 10 K; 7(0) 47 | 5(w)
while this has little effect at high frequencies, the increase inand
uncertainty at low frequency is substantial.
The sharp structure seen in the reflectance in Fig. 1 can m* (o) w2 1
now be seen as a series of sharp resonances in Figs. 2 and 3. =1+ N @) =——Im| =—|. (4)
As noted in the reflectance, there are some features that are m dro | o(w)

present ino;(w) at room temperature, which sharpen and . ]
become more distinct as the temperature is lowered, and are The plasma frequency may be determined experimentally
indicated by the arrows in Fig. 2. However, there are a numfrom  the  optical ~ conductivity ~ sum  rule,
ber of features that are visible only at low temperatured (@) =(120/7)[go1(w")dw’. (Note that this normalization
(T=<100 K), as indicated by the arrows in Fig. 3. is due to the fact that the optical conductivity is in units of
The optical conductivity in the cuprate-based supercon™* cm*) If the conductivity is due purely to a free-
ductors is usually described in terms of one-component ogarrier response, thef(w—m):w,zj. Figure 4 shows the
two-component models. In the two-component model, theravalue of this integral as a function of frequency in the normal
are two channels of conductivityj) a Drude component state as well as beloW,. Regardless of whether the one- or
with a temperature-dependent damping, éinda broad mid-  two-component model is adopted, the low-frequency behav-
infrared component that is essentially temperature indepener is associated with the free-carrier response and the high-
dent. This is also referred to as a Drude-Lorentz model fofrequency component ef,(w) is generally considered to be
the dielectric function due to bound excitations which show little temperature de-
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TABLE I
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The fitted phonon parameters for the infrared active modes in dhe plane of

Nd; gsCeq 15CUO, at 295, 100, and 10 K. In NCuO, the fourE, and twoE, infrared modes are expected
to be active in theab plane, while the thred,, infrared modes, and th&,; andB;; Raman modes are
expected along the axis only. The “obs” column refers to modes previously observed in ceramic materials.

(All units are in cm 1)

295 K 30 K 10 K
Mode (0oby  wroj (woi) ® ¥ Wy ©10; i wp; W70, i wp
E, 564.1(596) 169 420 561.3 159 630 562.3 155 645
Ao (516 © 521.6 7.6 254 5199 87 256
E, 439.8(506) 157 544 4342 4.2 508 4341 44 522
Big (344 ° 3491 115 539 3472 136 602
E., (304°  303.2(490 10.2 837 3048 48 855 3043 47 831
Asg (225) P ~220 =~30 =~1300 =~216
Ay, E,  (134° 146.4 ~10 =~1500 145.¢
Ay, E, (132° 130.8 ~8 ~900 130.8
Ay, E, 1147 ~8 =~990 1125
CF¢ 78¢ 74°

&The frequency of the longitudinal optic modes have

(‘)/TO,i = ‘YLO,i) Whel’e €= 47
bRef. 17 (Nd; gCeg 1£CUO, ceramic at 10 K
‘Ref. 24(Nd, gCe; 1£CUO, ceramic at 10 K

been calculated )= w?o+ w5/ e,

dCF refers to a possible low-lying electronic transition due to crystal-field excitations, as discussed in Ref. 28.
€The uncertainty in the background does not allow the widths and strengths to be reliably fittedTpdtow

these modes.

pendence. In the normal state the spectral weight associatefiould be~ a)s. As Fig. 4 illustrates, the normal-state curves
with the free carriers shifts to low frequency with decreasinghave all merged by=~2500 cmi !, yielding a value for
temperature; this is reflected in the rapid increase in the valug,p:16 000800 cm . The conductivity sum rule also
of the integral in Fig. 4 at low frequency. Once the integra-provides a good estimate for the plasma frequency of the
tion of the free-carrier component is complete and only thecondensate,wf,sz(120/7T)f5°[oln(w)—als(w)]dw, where

temperature-independent bound excitations contribute to the
integral, then the curves should converge and this valu%
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FIG. 4. The value of the conductivity sum rule integral
I(w)=(120hr) [go1(w')de’ for Nd, gCey 16CUQ, in the infrared

frequency range at 295, 180, 30, and 10 K. In the normal state, ag

the curves have converged by2500 cni ! indicating that the

temperature-dependent free carriers have been completely int@x

grated, yieldingw,= 16 000+ 800 cm*. Below T at 2500 cm *

o01n(w) ando5(w) the are frequency-dependent conductivi-
es forT~T.andT<T,, respectively. This sum rule yields
wps=10 00G= 800 cm 1. This missing spectral weight from
the sum rule at 2500 cm' is indicated by two solid dots in
Fig. 4 (the upper point corresponds&zﬁ and the lower point

to w5~ whg). The plasma frequency of the condensate is
related to the strength of thé function by s« wjs, and
w,2)5= 4mnge?/m*, wheren, is the density of superconduct-
ing carriers, andn* is their effective mass.

The value of w,=16 000 cm ! is used to calculate
m* (w)/m and 1#(w), which are shown in the upper and
lower panels in Fig. 5, respectively. FO<T,, o1(w) is
suppressed at low frequené¢ys shown in Fig. Bso that the
complex conductivity will be dominated by the imaginary
term az(w)=wssl(4ww). In this case the low-frequency
mass enhancement gives the ratio ef, to wjs,
1+ N (@)= 0/ w55.% In Fig. 5a), 1+\(0—0)~2.5 at 10
K, indicating that~40% of the free carriers have condensed,
in good agreement with the existing values fof and w,s
determined from sum rules.

The frequency-dependent penetration demh)l(w)z
mVwoy(w) at 10 K is shown in the inset in Fig(&. The
trapolated zero-frequency value~sl600 A. The penetra-
tion depth is related to the plasma frequency of the conden-

the sum rule is significantly lower; this decrease is estimated b)Sate,K;blZZWwps, SO .théllt a)\ab(w—>0)=1600.A yields
w5~ whs, wherew,s=10 000 cni * is the estimated plasma fre- w,s~10 000 cm %, again in good agreement with the sum-

quency of the condensate.

rule value. The fact that ,p(w) shows some frequency de-
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- T e . . 6. The estimated value for the zero-frequency damping rate
ingif s ] Iy [I'(w—0)] for Nd;gCeq,4CuQ, in the normal state. The
o J AN R R temperature-dependent damping has been(dfitted ling using
0 1000 2000 3000 I(T)=To+a(T-T*)@(T)+bT 1-0(T)], where O(T) is a
FREQUENCY (cm‘l) broadened step functidsee text, andI'g~50 cm™%, T* =110 K,

a=125cm ! K1 andb=3.8x10"3 cm~! K ~2; the width of

FIG. 5. (@ The frequency-dependent mass enhancemen®(T) is about 30 K. The inset shows the estimated resistivity based
m* (w)/m=1+\(w) for Nd; g&Ce 1{Cu0, from w~50 cm ! to on these values, which is in good agreement with transport mea-
3000 cm * at 295, 140, and 10 Kusingw,=16 000 cn*). At10  surements on similar crystals.
K, m*(@—0)/m=w’ w}g is extrapolated to=2.5. This indicates
that ~40% of the free carriers have condensed intodtfanction,  this manner is shown in Fig. 6.
and givesw,s~10 120 cni . Inset: the frequency-dependent pen-  The damping varies quadratically at low temperatures, but
etration depth\ ;,}(») =27 wo,(w)]¥? at 10 K[here the units of displays a linear trend at high temperature. This behavior has
op(w) are in cm']; extrapolating to zero frequency been naively modeled using I'p(T)=Ty+a(T—
Nap(@—0)~1600 A.(b) The unrenormalized frequency-dependent T)O(T)+bT[1-0O(T)], where O(T)= 141+ exd (T*
linear at high frequency, a “knee"” develops at low temperature atyith the data is obtained using o=~ 100 cm ! a=26
~1500 cm %, below which 1#(w) remains linear until developing em ! K1 andb=7.8<10"3 cm ! K 2. The crossover
a quadratic behavior and saturating to a finite value at low fre-t
quency. The rapid suppression ofr(lé) at low frequency in the
normal state is similar to the “pseudogap” observed in other cu-
prates.

emperature from quadratic to linear behavior is taken to be
T*~110 K, andI'¢=30 K. Using these parameters and
0,~16 000 cm 1, the dc resistivity may be calculated
(pc=60F0/wS, in units of ) cm), and is shown in the inset

pendence below=300 cm™! is an indication that not all of in Fig. 6. A comparison of the dc resistivity deduced in this
the free carriers have condensed into éhfeinction, and that way from the optical measurements is in good qualitative
there is some low-frequency residual conductivity. agreement with transport measurements on single
The frequency-dependent scattering rate is shown in Figerystals;® in particular with regard to the linear behavior
5(b) for several temperatures above and belw While observed at high temperature. It is interesting to note that for
1/7(w) is linear at at high frequency, a “knee” develops at T<T*, a new phonon structure also appears, although it is
low temperature below=1500 cm %, below which 1#(w) uncertain if this is related to the _behawor of the damping or
remains linear until taking on a quadratic behavior and satuthe frequency-dependent scattering rate.
rates to a finite value at low frequency. The rapid suppres- The real part of the dielectric function at several tempera-
sion of 14() at low frequency in the normal state is similar tures above and belot is shown below 1000 cm* in Fig.
to the “pseudogap” observed in other cuprates. However/- The rapid decrease @f(w) at low frequency with de-
the energy scale over which this suppression occurs is quitg'éasing temperature is an indication of the suppression of
large (=1500 cm 1), when compared to other hole-doped the qua5|part|<_:le scattering rate. In a pur(_ely Drude system,
cuprates, which typically show a suppression only at lowthe zero crossing corresponds to the location of the screened
frequency &500 cm1). Fitting the temperature-dependent plasma frequencyz)g:wglew. The observed zero crossing
linear part of 1#(w) (500 cm '=w=1500cm!) to the at ~8600 cm ! would require thate.,=3.5. However, the
form aw+pB gives «=0.39(0.57) andB3=482(—38) presence of a number of excitations in the midinfrared will
cm~ ! at 295 K (30 K). The small value ofr, and the nega- tend to shift the zero crossing to a higher frequency, leading
tive intercept of 8 for T=T, is similar to the behavior of to an underestimate of... As a result, a value o&.=4.7
some “overdoped” cuprate¥.In the one-component model, has been determined by fitting the reflectance at high
I'(w—0)=TIp, which provides a useful connection with the frequency?>?3In a system where all of the normal-state car-
two-component model and allows a comparison with transtiers collapse into the superconductidgunction, then the
port data. The temperature-dependent damping obtained neal part of the dielectric function in Eql) becomes
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IR LA AR RN RN ization may become active in several in the doped material.
oL Nd, gsCeo.1sCu0, Ble  T.=R3K In this way, infrared-active\,, c-axis modes may appear in
F e e T EREES R the ab plane. A total of four Raman-active modes are ex-
I ] pected; theA;; andB;4 modes are active along theaxis,
R -~--180K — 10K 4 while the twoE, modes are active in theb plane. By con-
C, 0 sidering thatc-axis modes may be active in tlab plane,
3 -4 [\ @ps=10640 cmt 1| many of the assignments that we make are similar to some
= Lt “10f % ——10k J ] previous assignments made in ceranifts.
S gl ENT 1] In previous studi€sS?*at 30 K theB,, and A,, modes
ol ~20 |- 11 have been observed at 344 chmand 516 cm?, respec-
- ;2 H . tively. These frequencies are quite close to the two features
-8 _F B that are activated at low temperature at 349 and 521%m
! w2(10cm?) ] and strongly suggests that these two modes arecthgis
cppbebo b L baa e Loy B,y andA,, modes, activated by disorder. Indeed, both the
0 =00 400 600 800 B1g and Ay, modes involve the N€Ce)-O bonds™*
FREQUENCY (cm™!) The A;; mode is observed in N&LuO, at 228

_ _ _ cm™ .24 Although theA,; mode involves displacements of
NdFIE,% 7'5CThg r(eTaI thK;)ff thadlelet(:g& ful'écot'of%)(o“’{( ford the Nd atoms, this mode has been observed in the same
€ u = or c al , , , an s : _

beltli\?vTcogt 10 é from~35 to 1000 cm L. Inset: a plot ofe; (w) Iocatl(_)nlggzvarl_ety ﬁf '\égf;xM KCUO, (M_(?eh-rhd and Sr
vs ©~2 from ~50—500 cm L. In the clean-limit case, the slope is majena ,~ despite the different masses of t ?1 opant ions.
w2, which from a linear regression is,s= 10 640+ 600 cm *. This suggesits thaF the broad featureﬁZO_ cm © may be

pS pS the A;; mode. While theA;; mode, which like theB;, and
A,, modes, involves the N@€e)-O bonds, may be activated
by disorder, it appears to be quite strong in Figs. 2 a(sk@
Table |). Typically, modes activated by disorder are expected
to be weak. It may be possible that the oscillator strength of
the A;4 mode is enhanced by coupling to a charge-transfer
mechanism. The Ngd ,Ce,CuO, materials are strongly an-
isotropic, and there is some evidence to suggest that the be-
IV. DISCUSSION havior along thec axis may be insulating at low
temperature$.lt may be the case that the NB)O planes
are isolated, and that charge segregation occurs within the

The undoped parent material MduO, has a modified Nd(CeO planes. Typically, the charge associated with an
tetrahedral structufén which a total of seven infrared-active atomic cluster is very sensitive to the configuration, or bond
modes are expected; thrég, modes along the axis, and lengths. The effective charge is an important quantity when
four E, modes in theab plane. In N,CuOQy,, theab-plane  discussing the bonding ionicity. However, the evaluation of
vibrations are observed at 130, 314, 352, and 514he effective charge is difficult for more than two kinds of
cm™1.22-24However, in Fig. 2 there are only three phononsatoms. For a ternary compound the extended effective charge
at ~303, 440, and 564 cm® present at room temperature in Z, is defined a&
the ab-plane conductivity of Nd g£Ceq 1:CuQ,. It is reason-
able to assume that the three strongest vibrations observed at 1 dro, (Ze£)?
room temperature are thE, modes, and they have been D [wini—w30il=—2, wgiz—Z K=
assigned as such. This assignment of Ehemodes is in i ' T e Ve My
disagreement with other single-crystal wéPi?=2* which
usually assign the vibrations a¢350 cm ! and ~520 whereX,Z,=0; j denotes the phonon modé, is the unit-
cm™! as E, modes. However, as the results are usuallycell volume, andk is the sum over all atoms with ma#,
quoted only at low temperature~(10 K), no mention is and effective average chargge, and w,; is the effective
made as to whether or not these modes are visible at rooplasma frequency of theth phonon. In Nd gCe; 1:CuO,
temperature. There is agreement in the literature that ththe constituent elements are all much heavier than the oxy-
strongest mode at 304 cm is the E, mode associated with gen mass N g), so the right-hand side of Eq45) may be
the in-plane Cu-O bond-bending mode, while the next twoapproximated by 16(Zq€)%/(V:Mp). At 295 K the oxygen
E, modes, in ascending order, are the Nd-O bond-bendingffective charge iZo= — 1.3, which is similar to the values
and the Cu-O stretching modes. of Zo in the hole-doped cuprat®swhere |Zo|~1-1.3.

The substitution of C&" for Nd®* in Nd,CuO, notonly ~ However, below 10 K a number of new phonon features are
dopes the material with electrofisoles, but it also destroys observed, as indicated in Fig. 3. Because the oscillator
the inversion symmetry in the unit cell. This broken symme-strengths of the phonons below300 cm™! cannot be un-
try results in the mixing of the infrared and Raman modesambiguously determined, only the phonons above 300
and as a result the Raman modes may become infrared acm™! have been considered; this treatment gidgs-—2,
tive. As well, the general reduction of symmetry may alsowhich is the full valence for the oxygen atom in this system
result in more general selection rules, so that vibrations irand indicates a substantial increase at low temperature in the
the undoped material which are active only along one polaraverage oxygen bonding. Because there is no shift in any of

€(w)= €.~ w54 w?, wherew,s is the plasma frequency of
the condensate. The inset in Fig. 7 showéw) vs o 2; a
linear regression of the straight line vyields
wps= 10 640- 600 cm 1, which is only slightly larger than
the sum-rule value.

A. Phonon spectrum

®)



56 OPTICAL PROPERTIES OF NggCe, ;£CuO, 5531

the Cu-O vibrations associated with the Cu@lanes, this path (=vg/To) of ~750 A at 30 K. This large value for the
suggests that there is a large degree of ionicity in theamean free path at low temperature indicates that the doping-
Nd(Ce)O planes. If theA,;; mode in neighboring unit cells induced disorder in the N€e) layers does not lead to strong
arew out of phase, then the change in the local charge derscattering in the Cu@ planes.

sity may create a local dipole moment in thb plane that is The observation that there is relatively little scattering in
modulated at the same frequency asAig mode, leading to  the CuO, planes is consistent with the description of a
enhanced oscillator strengths. This is also an alternateciean-limit” system [&<I<\,,, Where the coherence
mechanism(that does not depend on disorddry which length is &,~70—80 A (Ref. 9]. In the BCS theor}f the

c-axis vibrations may become active in ta® plane. This  yetermination of the penetration depthTat 0 is described
mechanism has also been proposed to explain the activity cgy Nap~M_(L1+&/1); the local clean-limit approximation

the Aq modes in lightly doped La.,Sr,CuO,,™and is com &o/1<<1) implies that\ ;=\, thus the measured penetra-
monly observed in quasi-one-dimensional molecular crystal : : .
. .Tlon depth is essentially the London penetration depth.
where the totally symmetric modes are not only observed in . .
In a clean-limit system, most of the normal-state carriers

directions transverse to their polarization but also displa . .
P play re expected to collapse into thdunction belowT,.. How-

greatly enhanced oscillator strengths due to this chargee-1 . -
transfer mechanisii{:3® ever, estimates of the strength of the condensate indicate that

The low-frequency conductivity is dominated by the ap_only ~40% qf t.he normal-state carriers have cqndensed at
pearance of four strong vibrationsaf8, 118, 129, and 147 T /2. In a variation of the two-component model, it has been
cm~! (the mode at 78 cm? is visible most clearly below suggested that the carriers responsible for much of the mid-
T.). Both theA,, ¢ axis andE,, in-plane mode are observed infrared component may be centered at very low frequency
at ~130 cm .24 The E, mode is doubly degenerate; in the (w—0);*' essentially creating another distinct “free-
presence of a symmetry-breaking process such as disord@grrier” component. In this picture, there are now two sepa-
this degeneracy may be lifted, resulting in a doublet. Becaustate types of carriers in the normal statig;a narrow Drude
the 118, 129, and 147 cnt vibrations are closely spaced, it component [~100 cm ! at 30 K), all of which collapses
is difficult to make definite assignments. Although tBg  into the & function belowT,, and(ii) heavily damped carri-
Raman mode is observedatl22 cm™*?*which is close to  ers ('>1000 cm ) whose properties do not change below
the observed modes, it is quite weak and is normally nofl;. If wp is the plasma frequency of the Drude carriers, and
observed. Because this mode would have to be activated by, is the plasma frequency of the overdamped carriers,
disorder to become infrared active, it would likely be muchthen it must be true thabj,+ wjo=wj, wWherew, is the
weaker than any of the observed vibrations. The mode at 78lasma frequency of both types of carriers, as determined by
cm~?! falls well below the estimated phonon frequencies,optical conductivity sum rules. Thus, the requirement that
and does not readily suggest an assignment. However, bes,~ w,dx 62 satisfies the clean-limit condition. This es-
cause this mode is visible i;(w) aboveT. at 30 K, itis  timate works reasonably well, as,p~10 000 cm ? for the
not related to the superconductivity in this material. There isDrude component, and the resulting value gyo~12 500
also a possibility that this modand perhaps othersnay be  cm™?! can fit the 30 K conductivity out te=1000 cri !

a low-lying electronic transition due to crystal-field nearly as well as the midinfrared excitations, which are
excitations’® A similar quartet of lines has also been ob- shown in Fig. 2.

served at slightly higher frequency=(50—170 cm ! re- While  the hope-doped cuprates, such as
gion) in lightly doped La_,Sr,CuO,,* where it was pro- YBa,Cu;Og.,, all show a general depression of the con-
posed that the observed tilting of the Cgi@ctahedr® at  ductivity in the far infrared forT<T,, at low frequency
low temperature was responsible for the quartet. Thus, whilehere is a considerable amount of residual conducfi¥ity
doping-induced disorder may be responsible for the splittingabsorptiofi®). This residual conductivity is usually taken as
of the low-frequency modes, it may also be the case that ane of the indications that the energy gap is not a BCS-like
similar distortion of the Cu@ planes may lead to a splitting gap. While there is a substantial reduction of the low-
of the E, mode. While the oscillator strengths of thesefrequency conductivity below . in Fig. 3, and the conduc-
modes are difficult to determine because of the rapidlytivity appears to be decreasing down to the lowest measured
changing backgrounds above and belbyw(as may be seen frequency, there is a rather large error associated with the
in Fig. 3), they appear to be much larger than in the lightly low-frequency conductivity due to the high value of the re-
doped La_,Sr,CuO, material. If this structure is due to flectance. Thus, the uncertain nature of the conductivity in
phonons, then these large oscillator strengths may be an ihis region makes it difficult to draw conclusions about the
dication of electron-phonon coupling. nature of the gap, BCS or otherwise.

In ordinary metals where there is strong coupling between
electrons and phonons, the conduction electrons may be scat-
tered inelastically by phonons. In the normal state, this pro-

The optical conductivity in the normal state in Fig. 2 cess has a definite threshold at the frequency of the phonon
shows a rapidly narrowing Drude-like component. The(Q, (atT=0). As a result, a sideband starting(d§ appears
temperature-dependent dampidg=1"(w—0) shown in in the conductivity. The spectral weight of this featyner-

Fig. 6 indicates that at low temperatulg saturates to a malized to the free-carrier contributipris equal to the
value of ~100 cm ®. An estimate of the Fermi velocity in electron-phonon coupling constant, ,** appropriate for
the CuQ, planes ofvg~2.2x10" cm/s may be obtained transport but thought to be closely related to thén the

from band-structure calculatioA8which yields a mean free Eliashberg strong-coupling theory of superconductiffty.

B. Electronic properties
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Below T, the development of an isotropic gap of &t the T T T T T '%*—
Fermi surface requires an energy ok 20 break the quasi- i S
particle pairs; as a result the threshold for quasiparticle scat- 150 N ]
tering now shifts to a higher frequen€y,+2A. The mecha- L ; .
nism is referred to as the Holstein emission proééds. Eh - J-this work E .
conventional strong-coupling metals, such as lead, a Holstein g 100 B E ]
sideband due to electron-phonon coupling has been observed & L ié 1
in the superconducting staté. = - , .

To achieve highT’s in strongly coupled metals requires i<l i i 7 OBi,Sr,Ca,Cu0, |
A=18%9and estimates of the electron-phonon spectral den- % 5 [ 1%l ®YBa,Cu0,,, |
sity in cuprate systems yield similar values for° Thus, it © - i 4 La, ,Sr,Cu0,
was expected that the Holstein structure would be strong in T 4 Ba, K, ,Bi0; ]
this material. However, as Fig. 3 and the phonon parameters ST DNd, gsCe15Cu0, |
listed in Table | indicate, fof =T, and T<T, there areno ol b b Lo Lo
anomalies, as the changes in the phonon parametepsr- 0 20 40 60 80 100 120
ticular the frequencigsare very small and no new spectral T, (K)

features are observed. This implies that the phonons are al-

most totally decoupled from the electronic continuum, and FIG. 8. The strength of the condensﬁ@wﬁS as a function of

that\ is very small { <1). T. for La,_,Sr,CuO, (open triangles YBa,Cu;Og,, (filled
An estimate of strength of the electron-phonon couplingcircles, Bi,Sr,Ca,Cuz04, (open circlg (Ref. 54, Bag K BiO;

constant for the free carriers may also be calculated from thésolid triangle, Ref. 45) and Nd, gCe, 1CUO, (open square, this

frequency-dependent scattering Pate work). The dashed line is the universal Uemura line. While the
majority of the underdoped and optimally doped cuprates fall on the
il r~2mnksT, (T=6p). (6) Uemura line, and the bismuthate just below, the value for

Nd g£Cey 1:CuO, obtained in this work places it well outside this
linear relationship. This suggests that the nature of the supercon-
ductivity in Nd; g£Ce; 15:CuQ, is different than in other hole-doped
cuprates.

(It is important to note that this is a high-temperature expres
sion) An examination of the scattering rate in Fig. 6 in the
linear region T=150 K) yields\,=0.59*+0.1, which places
this material in the weak-coupling limit; the value fiog will Bay oK 08I0 5:%! this material falls somewhat below the
scale depending upon the choice«gf. This value fork,, is Uemura Iine., However, the value of the condensate
larger than a previously measured valug,€0.15+0.01) (wps=10 640 e b 'obtained for the cuprate

for Nd1_85Ce0_l5CuOé% but is similar to results obtained for Nd g=Ceq 1:CuQ, lies nowhere near the other points. This is
hale-doped cuprat .Thg generally small value fax, for. ..surprising in view of the fact that this material is nearly

téfptimally doped and that other “disordered alloy” systems

of sj[rong electron-phonon coupling with those normal—statesuch as La_,Sr,Cu0,, in the underdoped and optimally
carriers that have not condensédecause these carriers are oped regions, are well described by the Uemura relation-

gvetr)danaped,aza Hglztelm S|debangd|_n_ thelnormal state V‘l’gm hip. It is unlikely that this behavior is due to the material
e broadened, and belowT no additional structure would o4 oyerdoped, as the condensate in materials which lack

be expected, as these carriers do not condense. The like hains is observed tdecreasein the overdoped regin¥.

hood that the Holstein sidebands are absent and the smgl, gggests that the superconductivity in this material is

vaI_ue.for)\t, suggests tha_‘t the superconducti.vity in t,hi§ Ma-fndamentally different that other hole-doped cuprate super-
terial is not phonon mediated. However, by itself this is not o quctors.

evidence of a non-BCS mechanism; the BCS mechanism
simply requires an attractive interaction.

A recent study of BggK ¢ 4BiO; (T,~30 K) (Ref. 59
concluded that despite reports of a large value for the The reflectance of Ngg<Ce, ,:CuQO, has been measured
electron-phonon coupling constark~1, and behavior over a wide frequency range above and belbw and the
which demonstrated an order parameter with aroptical properties determined. In addition to the expected
s-wave symmetry> the electron-phonon coupling in four infrared-activeE,, modes, a number of-axis infrared
Bay ¢ 4BiO3 must necessarily be small~0.2. This led to  and Raman modes are activated by doping-induced disorder,
the conclusion that Ba ,K,BiO 3 was ans-wave supercon- and are observed at low temperature indleplane. Several
ductor that is not driven by the electron-phonon interaction.of the activated features have very large oscillator strengths,

It has been observed that in many underdoped and optivhich may be an indication of electron-phonon coupling.
mally doped cuprates, the strength of the conden8aties  Strong electron-phonon coupling may suggest a distortion of
monotonically with T,.%® This relationship is depicted in the NdCeO and CuQ layers. There is also the possibility
Fig. 8 for several -cuprates (La,_,Sr,CuQ,, that some of these features may be due to low-lying elec-
YBa,Cu304.4, and Bih,Sr,Ca,Cuz0,q); the dashed line tronic transitions due to crystal-field excitations.
upon which these points lie is generally referred to as the In the normal state the optical conductivity consists of a
Uemura line. A point has also been included for a superconnarrow Drude-like feature that narrows rapidly with decreas-
ducting oxide that is not based on CpQplanes and ing temperature, and a midinfrared component that can be
that is also believed to be an electron-doped materialdescribed by overdamped oscillators; there is some evidence

V. CONCLUSIONS
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that part of the midinfrared band may be due to very low-larger than in other cuprate materials with similafs, indi-
frequency excitations— 0), which may essentially behave cating that the superconductivity in this material is different
like a second “free-carrier” component. Belol, only the  than in other cuprate superconductors.

Drude carriers collapse into th&function. The plasma fre-

quency of the condensate dis,s~ 10 000+ 600 cm 1, giv-

ing a(London penetration depth of,,~ 1600+ 100 A at 10 ACKNOWLEDGMENTS
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