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Peak in the far-infrared conductivity of strongly anisotropic cuprates
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We investigate the far-infrared and submillimeter-wave conductivity of electron-dopedCe,Cu0, tilted
1° off from theab-plane. The effective conductivity measured for this tilt angle reveals an intensive peak in
the normal-state at finite frequency-{50 cm 1) due to a mixing of the in-plane and out-of-plane responses.
The peak disappears for the pure in-plane response and transforms into a pure Drude-like contribution. A
comparative analysis of the mixed and the in-plane spectra allows us to extraeaxigeconductivity which
shows a Josephson plasma resonanae=at1.7 cm ! in the superconducting state.
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Far-infrared conductivity in the normally conducting state doped compoundsT(=30 K).}* The SrLaAlQ substrate
of the highT. cuprates can be well characterized by ahas been cut close to th601) K direction with the misfit
Drude-like respons&This response leads to the leveling off angle ofa=1°*0.1°. In this case the film grows nearnty
of the real part of the condéjctivity* =oytiozinthe sub-  axis oriented with the same off-axis tilt angle.
millimeter frequency rang&® In some cases deviations from |5 order to obtain the complex conductivity in the fre-
this behavior can be observed in the conductivity spectra agyency range from submillimeter to far-infrared wave-
broad maxima at far-infrared frequencies. One possible ré3angths, two different experimental methdtlbave been ap-
son for such an additional excitation can be a charge Iocalf)”ed to the same film. For frequencies below 40¢nthe
Ization induced by dop'”@‘\"ofe gene%%lly, disorder, such as complex conductivity of the film has been obtained by the
an inhomogeneous oxygen distribution has been shown to submillimeter transmission spectroscdpyAt higher fre-

lead to a an additional maximum in the conductivityur- guencies the reflectance has been measured using standard

ther possible effects leading to a conductivity peak includ . . S . X
charge density wavésr reduced dimensionality in the static Tar-infrared techr_uques an_d the conductivity was obtalne_zd via
a Kramers-Kronig analysis of the spectra. The transmission

stripe phasé’ . : e 0
In this paper we present another possible mechanism for &Periments for frequencies 5 cm<»<40 cm = were car-

finite-frequency peak in the infrared conductivity of electron-1€d out in a Mach-Zehnder interferometer arrqngeﬂr?ent
doped cuprate La ,Ce,Cu0, (LCCO). The same arguments which aIIows' both measurements of the transmlttgnce and
will hold for all strongly anisotropic, mostly two- the phase shift of a film on a substrate. The properties of the
dimensional metals in which the out-of-plane response iblank substrate were determined in a separate experiment.
nearly insulating. In the present case the peak arises from Wtilizing the Fresnel optical formulas for the complex trans-
small admixture of thes-axis response to the in-plane con- mission coefficient of the substrate-film system, the absolute
ductivity. Rotating the polarization of the infrared radiation, values of the complex conductivity* = o1 +io, were de-
the pure in-plane response can also be measured. The itermined directly from the measured spectra. In the fre-
plane conductivity shows no infrared peak but follows thequency range 4@ »v<<4000 cm ! reflectivity measurements
predictions of the Drude model. The comparative analysis ofvere performed using a Bruker IFS-113v Fourier-transform
the spectra for different experimental geometries allowed tepectrometer. In addition, the reflectance for frequencies 5
extract conductivity and dielectric constant along thaxis. <»<40 cm ! has been calculated from the complex con-
We note that similar effects have been described for the cas#uctivity data of the same sample, obtained by the submilli-
of polycrystalline YBaCu;0,_, and at higher frequencies meter transmission. This substantially improves the quality
by Orenstein and Rapkirté The polycrystalline character of of the subsequent Kramers-Kronig analysis of the reflectance
the samples resulted in a homogeneous distribution of all tiland therefore the reliability of the data at the low-frequency
angles and led to the extrinsic conductivity peak around Jpart of the infrared spectrum.
eV. The effects described in Ref. 11 and in the present con- Due to the tilt structure of the film, two main experimen-
tribution rely on the strong anisotropy of the sample andtal geometries are possible. Both cases are depicted in Fig. 1.
disappear in the isotropic case. In the first casdéupper drawingthe currents, induced by the

A La,_,CegCuQ, film with x=0.081 was deposited by incident radiation, are within the Cy(plains only. There-
molecular-beam epitaX§'®on a transparent SrLaAlsub-  fore, the pure in-plane response is obtained in this case. In
strate, 1 10X 0.5 mn? in size. The thickness of the film the other experimental geometitpwer drawing in Fig. 1a
was 140 nm and the film revealed a sharp transitidif{  small admixture of the-axis response is expected.
<1 K) at 25 K. As can be deduced from the low Ce con- Figure 1 shows the far-infrared reflectance of the LCCO
centration, the sample belongs to the underdoped regime arfitim for both possible experimental geometries. Sharp struc-
hence, the transition temperature is lower than in optimallytures above 200 cit are attributed to the phonons in the

0163-1829/2002/6@1)/2125084)/$20.00 66 212508-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B56, 212508 (2002

1.0
10
E
'_0
fe’
o
[0] —
e .
g 09t o
O
D
D 0
o
5
=
0.8 Lo s “
10 100
Wave number (cm™)
FIG. 1. Far-infrared reflectance of an underdoped LCCO fiim at
different experimental geometries =50 K (normal-statg Solid

lines: pure in-plane response, dashed lines: tilted geometry. The
reflectance data above 40 chwere measured directly and the
spectra below this frequency were calculated from the complex
conductivity data obtained by the transmittance technique. The inset F|G. 2. Far-infrared conductivity of LCCO film in the normal
shows the magnified spectra around a longitud@akis phonon.  state for two different experimental geometries as indicated in the
insets. Upper panelsr;, lower panelse;=—o,/we(. Left pan-

substrate. In that case no substantial difference is seen bels: in-plane response, right panels: mixed ac geometry. Lines rep-
tween the reflectance in both geometries. In addition to thesesent the results obtained from the infrared reflectance and sym-
effects, sharp minima in reflectance can be observed, whichols represent the data as measured directly by the submillimeter
reveal a clear polarization dependence. One of these restransmission technique.

nances is shown in the inset. We interpret these resonances as ) _
LO phonons in LCCO. The eigenfrequenci@ds, 427, and WNereZo=yuo/eo=3771 is the impedance of free space.

553 cm 1) are close to the frequencies of the out-of-plane = Figure 2 shows the far-infrared conductividy, and the
LO phonons in Ng_,Ce,Cu0, (144, 433, and 559 cfit).16 dielectric constant ;= —o,/we of LCCQ in the nprmal
The most important difference between the spectra of tw¢tate: The results above 40 chwere obtained applying the
experimental geometries is seen below 50 &nthe spectra Kramers-Kronig analé/3|s to the reflectivity data and solving

N e
of the mixed geometry deviate significantly for decreasingEd- (1. Below 40 cm * the complex conductivity was cal-
frequencies. culated directly from the transmittance and phase shift. The

The reflectivity of a thin metallic film on a dielectric sub- IN-Plane responsgeft panel3 resembles well the predictions

strate can be obtained from the Maxwell equatiéns of the Drude model. At low frequencies; ande; are fre-
quency independent ardg is negative. For frequencies close

For+ T 1s€Xp(4arin d/\) to the value of the scattering rate=1/27r, o, starts to
=1 expamindin)’ (1) c_iecrease and; _approaches zero. On the_ contrary, the 1°
off ts €XP(4min tilted geometry(right panel$ reveals dramatic changes com-
pared to the in-plane response. The real part of the conduc-
tivity shows an intensive peak in the far-infrared range and
g, crosses zero becoming large and positive. Figure 2 dem-
p-onstrates that already 1° off-axis geometry significantly
modifies the low-frequency conductivity spectra. However,
we note that the most significant changes appear in the low-
frequency range,y<<100 cm !. The high-frequency re-
sponse of the tilted geometry approximately follows the

&l
10 100 1000 10 100 1000
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wherer g;=(1—n¢)/(1+n¢) andr¢s=(n;—ng)/(ns+ng) are
the Fresnel reflection coefficients at the air-filmy{) and
film-substrate (<) interfaces. Heren;=(io*/eqw)*? and
ns are the complex refractive indices of the film and su
strate, respectively) is the radiation wavelength is the
film thickness,w=2mv is the angular frequencyr* = o
+io5 is the complex conductivity of the film, ang, is the
permittivity of free space. Equatiofi) is written neglecting
the multiple reflections from the opposite sides of the sub—SpeCtra of the Cugplanes.

strate. If the film thickness is smaller than the penetration In ordgr to understaljd ihe off-axis respanse we Ut'l'z.e a
depth (n;|d<\) and if [n;|>|ng, Eq. (1) can be simplified model which takes the tilted geometry of the experiment into

o account*®The effective conductivity of a thin film tilt by an
anglea reads

. 1-o0*dZy—ng @) —isow(gaco§a+ O Sinza)-f-()'aO'C 3
_~= —, O’ = .
1+o*dZy+ng ef —igqw+ 0, SiPa+ o, cofa
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FIG. 3. Far-infrared conductivity and dielectric constant of a tilt ~ FIG. 4. Dielectric loss function and dielectric permittivity of
anisotropic sample as calculated from E2). The in-plane conduc- LCCO along thec axis. The peak in the loss function corresponds to
tivity was assumed to obey the Drude form witkr, the Josephson plasma resonance.
=10 Q" tem™?, 1/277=100 cm'!, and thec-axis response was
taken asr, =050 *cm * ande,=8.

seﬁ='”e“:sa(1—a2§), @)
Hereo, and o are the complex conductivities in the CuO

planes and along theaxis, respectively. Within the approxi-
mation a~sina<1 and|o,|>|o|, Eg.(3) can be rewritten
as

which is much more angle dependent compared to(Bqg.
due to the ratice,/e.>1.

To understand the spectra in Fig. 2 qualitatively, ¢hexis
response of LCCO can be taken as purely insulating with a
dielectric constant.~=10. In that caser.=—ie.eqw and
the first term in Eq(4) dominates the response for the tilted

o o2 _ ) -
It has to be noted that the tilting of the sample has a mucl€Ometry  below w/2m=o,a/(ece0)=20 cm ~, which
stronger effect on the reflectance compared to experiment@ughly corresponds to the conductivity maximum in the

with oblique incidence. In the latter case the mixture of the'ight upper panel of Fig. 2.~ _ _
in-plane anct-axis properties can be also obserd@dpt the Figure 3 shows the conductivity and dielectric constant of
strongest effects are produced within the grazing incidenc8 filted sample as calculated on the basis of @.and for

in-plane conductivity was assumed to obey the Drude form
o= €4 COS(0)/1—sirt(0)/e., (5)

oc*=09l(l—iw7) Wwith 0,=100Q tcm™ !,  1/277
which for small angles of incidencé and for thec-axis

=100 cm'!, and the c-axis response was taken ms,
; : . ) ! N =050 tcm ! and £,,=8 (i.e., o.=01.—iwegey,).

dielectric function|e|>1 can in the first approximation be ’ ; ;

written as

1 a? 1
— =t — (4)

Oeff Oc—legw Ty

Evidently, the solid curve 4=0) represents the Drude re-
sponse and closely resembles the in-plane conductivity of
©6) Fig. 2 (left panels, T=50 K). Already for small tilt angles
the effective conductivity reveals a pronounced peak in the

Here ¢, is the in-plane dielectric function. The last expres-real part of the conductivity, which foe=1° shows the
sion is only weakly angle dependent except for the grazingame shape as the spectra in the right panels of Fig. 2. Only
incidence. one sample withu=1° has been investigated in the present

On the contrary, for the tilted sample geometry the anguwork because tilt samples are difficult to grow. However, the
lar dependence of the electrodynamic parameter is mucéffective tilt angle can be varied using the same sample via
stronger. For tilt angles as small ad<|e./e,]<1 and ne- different polarizations of the incident radiation. This possi-
glecting in Eq.(4) the termiegw compared too., EQ. (4) bility has been demonstrated previously on a tilt
can be rewritten as Nd,_,Ce,Cu0, film.®

gei=ea(1l— 02).
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Comparative analysis of the in-plane and the mixed replasma resonance. This resonance is most clearly seen in
sponse allows us to extract teeaxis conductivity of LCCO  Im(—1/e*) as a sharp maximum close te=11.7 cn .
inverting Eq.(3). Because the spectra for both orientations N conclusion, we presented the submillimeter-wave and
show only weak deviations at high frequencies, this procefar-infrared conductivity of a La.,Ce,Cu0, film measured

dure reveals reliable data below—30 ¢t only. The in a tilted geometry. A broad maximum in the far-infrared

. £ LCCO. obtained in thi i sh ._conductivity can be observed within this geometry and is
C-axis response o , obtained in this way, Is ShOWN INihted to the admixing of the c-axis response to the in-

Fig. 4. The dielectric permittivity abovE, is approximately plane conductivity. The same effects can be expected for
frequency and temperature independent with-8 andoy  strongly anisotropic metals, where highly conducting re-
=0.50"tcm L. An additional contribution te; due to the  sponse along one optical axis coexists with almost insulating
superconducting condensate, which is proportional to behavior for another direction. In addition, from the analysis
—c?/(w\)?, starts to grow belowT.. Here A\ is the of the mixed and the in-plane contributions the puraxis
temperature-dependentaxis penetration depth, which at- Properties of LCCO can be extracted from the spectra, which
tains the value o\ =48 u for T—0. Correspondingly, a show a Josephson plasma resonance in the superconducting
zero crossing of the dielectric constant is observed in th&tate.

submillimeter frequency range, which represents a Josephson This work was supported by BMBEL3N6917/0-EKMN.
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