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Anisotropic conductivity of Nd; g=Cey 1:CuO,_ 5 films at submillimeter wavelengths
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The anisotropic conductivity of thin N@Ce, 1sCu0,_ 5 films was measured in the frequency range8
<40 cm ! and for temperatures<4T<300 K. A tilted sample geometry made it possible to extract both
in-plane andc-axis properties. The in-plane quasiparticle scattering rate remains unchanged as the sample
becomes superconducting. The temperature dependence of the in-plane conductivity is reasonably well de-
scribed using the Born limit for d-wave superconductor. BeloW, thec-axis dielectric constant,; changes
sign at the screenedaxis plasma frequency. The temperature dependence afdiies conductivity closely
follows the linear inT behavior within the plane.

[. INTRODUCTION of the c-axis oriented grains, i.e., the variation of tbhexis
with respect to the substrate axis, was 0.49°. The YSZ sub-
The electron—doped superconductor ,NdCe CuQ,  strate of the presented filrtA) was tilted from the(001)
(NCCO) (Refs. 1 and 2reveals a number of properties, orientation by an anglee=2.6°+0.5°. Therefore the film
which are rather different from other cuprate superconductwas also tilted by the same angle from the idealxis ori-
ors. It has long been believed that the superconductivity irentation. The oxygen concentration in the deposition cham-
this compound is characterized by swave order parameter ber was reduced compared to the optimum value which re-
(for a review, see Ref.)3However, recent experiments, in- sulted in a lowerT¢ of the film (A). The ac-susceptibility
cluding phase-sensitive tricrystaland penetration depth measurements revealed an onset temperature of 16.9 K and a
measurement¥® strongly support-wave-type symmetry. slightly broader transition widthAT(10-90%)=2.0 K] as
In-plane microwave properties of NCCO have been inveseompared to the optimally doped filfisample B: AT
tigated using resonator techniq@es® The infrared conduc- =0.9 K (Ref. 15].
tivity has been obtained via Kramers-Kronig analysis of re- The transmission experiments in the frequency range 8
flectance datd**and by thin-film transmissiot?. In contrast  <»<40 cm ! were carried out in a Mach-Zehnder interfer-
to a number ofab-plane experiments, there exists only litle ometer arrangemefftwhich allows both the measurements
information concerning thec-axis properties of NCCO, of transmittance and phase shift. The properties of the blank
which is explained by the typically small dimensions of the substrate were determined in a separate experiment. Utilizing
samples along thec axis. Most experiments ort-axis the Fresnel optical formulas for the complex transmission
dynamics$®'* were carried out using polycrystalline NCCO coefficient of the substrate-film system, the absolute values
samples. of the complex conductivity™ = o1 +i 0, were determined
Recently we have demonstrated the possibility of using alirectly from the observed spectra. Using the tilted sample
tilted-sample geometry to extract the anisotropic conductivgeometry at different polarizations of the incident radiation it
ity of layered cuprates in the submillimeter frequencywas possible to separate the conductivity at a given tilt angle
range!® This method combines the possibilities of the qua-into ab-plane andc-axis components. The geometry of the
sioptical transmission geometry with the high anisotropy ofexperiments is shown in the insets in Fig. 1.
NCCO which may be estimated by the resistivity rtio The conductivity of a tilted sample may be calculated
pe!pap~10% In this paper we present the in-plane arais  assuming a free-standing film of thicknedsn a uniform
conductivity of an oxygen reduced NgCe, 1:CuQ, _ 5 film electromagnetic fieldEe™'*! parallel to the surface. If the
(Tc=16.9 K, sample A in the submillimeter frequency film is thin compared to the penetration depdkg\ , then the
range (8&»<40 cm!) and for temperatures 4T  current and field distributions may be considered to be uni-
<300 K. Data on an optimally doped filth (sample B, form. Taking into account the charges formed at the surface,
Tc=20.1 K) are also discussed. the following equations can be derived for the geometry
given in the right inset of Fig. 1:

Il. EXPERIMENT ja=04 Ecosa—(sleg)sina]

The films were prepared using a two-beam laser deposi- jc=0]—Esina—(s/gg)cosal]. (1)
tion on yttrium-stabilized Zr@ (YSZ) substrates’ X-ray
analysis showed the-axis orientation of the films relative to Herej, (j¢) is the current densityr, (o) is the complex
the crystallographic axes of the substrate. The mosaic spreadnductivity in theab plane(along thec axis), s is the sur-
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FIG. 2. In-plane quasiparticle scattering rate of
Nd; gCey 1:CuQ,_ ;s film A (full diamonds as obtained from the
Drude analysis of the complex conductivity déieft panels of Fig.

1). Open circles: infrared data from Ref. 10. Solid line represents
1/2r7=67 cm * for T<70 K and 1/2r7=T for T>70 K.
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10 20 30 10 20 30 the frequency of the mixed resonance is shifted itp
——— ~200 cm ![compared ta;;~20 cmi ! for sample B(Ref.
15)] and occurs as a broad maximum in the effective con-

FIG. 1. Realbottom panelsand imaginarytop panelsparts of ~ ductivity spectra at infrared frequenciés.
the complex conductivity of Ngk<Cey 1£CuQ, 5 (film A) for dif-
ferent geometries of the transmission experiment as indicated in the
insets. Left panelsab-plane conductivity. Solid lines are calculated Figure 1 shows the complex conductivity of the reduced
as explained in the text. Right panels: mixed conductivity. DashecNdl ¢:Cey 1:CUO,_ 5 film obtained as described above. The
lines are guides to the eye. left panels represent the redbwer frame and imaginary

. ) L (upper frameg parts of the complex conductivity for currents
face charge density, is the permittivity of free spacey  \yithin the CuQ plane. The real part of the in-plane conduc-
=2mv is the angular frequency, and s the tilt angle. An  tjvity &, is weakly frequency dependent in the submillime-
additional equationiws+ j,sina+j.cosa=0, follows from  ter frequency range at all measured temperatures. This indi-
the charge conservation. The effective conductivity of thecates that the quasiparticle scattering ?rlagéis larger than
film can be defined througlretfE=jet1=jxCOSa+jsina.  the frequency of the experiment. Consequently, the imagi-

III. RESULTS AND ANALYSIS

Solving these equations one obtains nary part of the conductivityr,, is nearly zero for high
_ . temperatures but starts to show distinct frequency depen-
:_'80w(0a0052a+0c3|n2a)+0a0c @) dence on approaching the superconducting transition tem-

Tetf —iggw+oySifa+o.coda perature. From the analysis of, and o, the quasiparticle

scattering rate may be estimated using the Drude expression:
In the zero-frequency limit the well known expression for o* = gy./(1—iw7). The term[i/w+ wé(w)/Z]/[Mo)\g(T)]
the resistivity of tilted sample can be obtain€dp.;s  has to be added to the Drude expressionTierT¢ in order
= paCoSa+pesinfa, where p=1/o is the resistivity along to account for the superconducting condendatéere\? is
the specific direction. Botlore¢; and o, can be determined the in-plane penetration deptj, the permeability of free
experimentally using the geometry shown in the right andspace. For finite frequencies the additional term influences
left insets of Fig. 1, respectively. Therefore E8). can easily  ¢,, only. The solid lines in the left panels of Fig. 1 were
be solved for the-axis conductivity. Within the approxima-  calculated using the Drude expression extended to tempera-
tion a~sina<1 and|o,|>|o¢|, Eq. (2) may be simplified tures belowT as described above. The fits allow to estimate
to the quasiparticle scattering rate both, below and abiqve
) The results are shown in Fig.(ull diamonds. The scatter-
oa(0—iggw) 3) ing rate is approximately constant for<70 K and shows
only a small anomaly(within experimental errojsat T.
For T>Tc, 1/ agrees well with the infrared data of Homes
As discussed previously, two excitations may be ob- et al® (open circlesand has an approximate linear tempera-
served within the tilted geometryi) a peak in the real part ture dependence foF>100 K. The absence of the anoma-
of the conductivity if Info,a?+(o.—ieqw;)]=0 which lous suppression of the quasiparticle scattering is in contrast
corresponds to the mixeab-planet-axis excitation andii)  to the results on other cuprate superconductbhis pos-
the longitudinal resonance if [ir.—ieqwe]=0 which cor-  sibly indicates that ¥ is determined by impurity scattering
responds to thes-axis plasma frequency. Both excitations for T<100 K. ForT<T. the (1) frequency dependence
have been detected for the optimally doped filn°Blhe  dominates the imaginary part of the conductivity, which
c-axis plasma frequency can be identified in the submillime-allows to estimate the low-frequency in-plane penetration
ter frequency range also for the reduced, fe, 1:Cu0,_s  depth,\,(6 K)=0.35«. For the optimally doped sample B
film (see below. Due to the larger tilt angle of the sample A we obtained® \,(6 K)=0.23x. These values are slightly

Oeff— - :
T’ + (0g—igqw)
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Frequency (cm™) FIG. 4. Temperature dependence of the complex conductivity of
Nd, gCe 1CUQ, 5 film A at =10 cm . Upper panelc axis.
Lines are guides to the eye. Lower parel plane. Lines are cal-
culated according to thewave BCS mode(solid), Born (dasheg
and unitary(dotted limits of the d-wave model(Ref. 32.

FIG. 3. Conductivityo,. (bottom paneland dielectric constant
£1c= — 0./ (gow) (top panel of Nd; gCe 15CUO, 5 (Sample A
along thec axis. Lines are guides to the eye. Arrow indicates the
position of thec-axis plasma frequency.

higher than those obtained by kinetic inductance techAfque Samples give an energy 932}1%30 cm L This value may
(A ;=0.16—0.28) which may be due to lower oxygen con- be compalred to 2=60 cm ~ as determined by Raman
centration of our films. scattering’

The right panels of Fig. 1 represent the effectimgxed) The temperature dependence of the anisotropic conductiv-
conductivity which is described by E®). Using this equa- ity, as measured at=10 cm *, is represented in Fig. 4.
tion, the c-axis conductivity may be calculated from the in- The lower panel of Fig. 4 shows the real and imaginary parts
plane and mixed conductivity data. The imaginary part of theof the in-plane conductivity. For decreasing temperaturig,
mixed conductivity crosses zero aroumd-20 cm t. As  increases below room temperature, saturates between
will be seen below, this frequency corresponds todfexis =100 K andT¢ and finally decreases after a slight maxi-
plasma resonance. mum nearTc. A peak nearT. observed inoy, at micro-

Figure 3 shows the conductivity;. and the dielectric wave frequencies was recently reported for NCCO by
constant e1.= —o,:/(ggw) 0Of Nd; gCe& 1CUO, 5 (A) Kokaleset al® and interpreted as possible evidence for sup-
along thec axis. The real part of the-axis conductivity ~Pression of the quasiparticle scattering. According to Fig. 2,
(lower frame is approximately frequency independent our datr_:t suggest a rather temperatur_e independent scattering
within experimental accuracy and for temperatures wellof quasiparticles below=100 K. At high temperatures the
aboveT.. This behavior agrees well with the low-frequency imaginary part of the in-plane conductivitjower panel of
infrared conductivity of La_,Sr,Cu0,, 2% YBa,Cu;0, 7,26 Fig. 4, open trianglgshas values just above the sensitivity
and TbBaCuQ+X_29 On|y at the lowest temperatures, . limit of the spectrometer._ In the Superc_onducting siaje
does increase with frequency which most probably reflect@bruptly increases reflecting the formation of the supercon-
the vicinity of thec-axis phonon &% v~134 cm®. The  ducting condensate. .
c-axis dielectric constant is dominated by the high-frequency The lower panel of Fig. 4 shows the comparison of the
(phonon contribution and shows a weak frequency depen-experimental conductivity with theoretical models. As repre-
dence at high temperatures. As the sample becomes supéentative examples we have taken theave BCS expres-
conducting,e ;. reveals a (k?) behavior, which gives an sion, as well as Borng=0) and unitary ¢=1) limits of a

estimate of the penetration dept,(6 K)=19.2u. Conse-  d-wave superconductdf.Heres is the cross section of the
quently, a zero crossing af; is observed around 20 ¢M  impurity scattering. All three models calculate a gap value
which corresponds to thdscreenell plasma frequency self-consistently within the weak-coupling limit and assume
2mvp=cl(\ceX?) wheree.~14 is the high-frequency di- a temperature-independerjuasiparticle scattering rate of
electric constant andis the speed of light. For the sample B 1/277=65 cm ®. It has to be pointed out that real and
we found® v,=12 cm ! ande..~23. imaginary parts of the conductivity have to be fitted simul-
Assuming Josephson coupling between the Cplanes, taneously below and abovE:. This condition leavesio
Basovet al** suggested a correlation betweeg(0) and the  free parametersvithin the models. As documented by the fit
normal-state conductivityro(Te): #/(uohd)=mAcs(Tc).  results in Fig. 4, theswave curve(solid line) shows the
On the basis of this correlation the results on both NCCQpoorest agreement with the experiment. In contrast, both lim-
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its of thed-wave model describe, reasonably well. How- ably is an impurity-induced angular-independent contribu-
ever, the unitary limit(dotted substantially underestimates tion to t.. Following the calculations described in Refs. 33
the imaginary paré,, . This is probably because in this limit and 34 this correction does indeed give a linear temperature
less spectral weight is shifted to th@ function at zero dependence of the-axis conductivity>

frequencie€?3?The best description af,, may be obtained

using an intermediate scattering cross sectien0.2. Simi- IV. CONCLUSIONS
lar results have been obtained for the optimally doped

sample B for whicho=0 gave the best description of the N conclusion, the anisotropic ~conductivity of
data. In agrement with the results of Fig. 2 the analysis ofNO1.gC& 15CUO,—; films has been obtained using the tilted-
Fig. 4 suggests a temperature-independent scattering rate $mple geometry in the frequency rangel 8<40 cni*
quasiparticles and therefore the impurity-dominated scatte@nd for temperatures4T<300 K. The in-plane scattering
ing for T<100 K. rate is shown to be unchanged as the sample becomes super-
The upper panel of Fig. 4 shows the temperature deperfonducting. The temperature dependence of the in-plane
dence of thes-axis conductivity of Ng gCe, 1:CuQ,; _ 5. Ex- (;or_lductlwt_y may be reasonably described V\_/|th|_n the _Born
cept for the absolute values, these data closely follow théimit of a dirty d-wave superconductor. Theaxis dielectric
temperature dependence of the in-plane conductivity. Théonstante is dominated by a phonon contribution at high
most prominent difference is caused by the strong phonoffmperatures. A zero crossing ef. is directly observed
contribution on thec-axis conductivity, evidenced by a below T¢ which corresponds to the screenedxis plasma
downward shift ofo,.. Based on the strong in-plane mo- frequency. In contrast to other cuprate superconductors, the
mentum dependence of the scattering rate and of the hoppirf§mperature dependence of theaxis conductivity closely
integral, the anisotropic conductivity for highe cuprates follows the in-plane behavior.
was recently calculated by van der Mareand Xiang and
Hardy3* Parametrizing the in-plane momentum by an angle
6 and using.= —t, co$(26) for the c-axis hopping integral,
the c-axis conductivity was found to behave ag.= T2 for We would like to thank B. Schey for carrying out the
not too low temperature¥.The analysis of Fig. 4 shows that x-ray measurements. This work was supported by BMBF
o as well asoq, for NCCO depend rather linear on tem- (Project No. 13N6917/0 - EKMand in part by the Deutsche
perature belowl . The explanation for this behavior prob- Forschungsgemeinschaft through SFB 484.
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