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‘We show that frorn measurements of the reflectivity of a uniaxial medium taken at a finite incidence
angle with s- and p-polarized light it is possible to determine the dielectric function both parallel
and perpendicular to the optical axis. When applied to layered compounds with its surface parallel
to the layers, this technique allows for an accurate determination of the loss function perpendicular
to the layers. This is demonstrated for the example of c-axis-oriented thin films of the high-Tt
superconductor T1;Baz;CazCu3O10, on which we carried out polarized reflectivity measurements at

45° incidence angle above and below T..

I. INTRODUCTION

One of the remarkable properties of the cuprate
high-T, superconductors, apart from their extremely
high transition temperatures, is the anisotropy of their
electronic properties, such as dc resistivity, optical
conductivity, magnetic penetration depth, etc. Such
anisotropy is indeed expected from their layered crys-
tal structures. In most cases a direct study of
the optical anisotropy requires preparation of single-
crystal samples since various crystal faces and axes
need to be accessed. Such an analysis has been car-
ried out with normal-incidence infrared reflectometry for
Lag_ermCuO4,1 YBa20u307_5,2’3 szSI‘szCu303,4
and BiySryCaCuz0g.5 Although larger single crystals
gradually become available for this kind of study, it is
useful to have an experimental technique for determining
the dielectric function along the c axis for those materials
of which thin films or thin single-crystal platelets exist,
but of which no thick single crystals are available. Also
it may serve as a second complementary approach since,
for example, in epitaxially grown thin films it is often
easier to obtain a homogeneous oxygen distribution than
in single crystals. -

In this paper we introduce an experimental technique
based upon the reflectivity measurements at oblique inci-
dence angles with two different polarizations of the light.
Using Kramers-Kronig relations for the experimentally
measured R,(w) and R,(w) (the reflectivity measured
with s- and p-polarized light, respectively), it is possi-
ble to calculate the tensor components €4 (w) and €.(w)
of the complex dielectric function for the directions par-
allel and perpendicular to the ab plane, respectively. We
demonstrate both theoretically and experimentally that
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indeed this method gives reasonable results for the energy
loss function along the ¢ axis even if only the ab faces of
the crystal are available for reflectivity measurements.
As an example we study a c-axis-oriented epitaxial thin
film of the high-T,. superconductor TlyBazCazCuzOio,
for which single crystals were synthesized only recently
and the typical c-axis dimension of the plateletlike crys-
tals is again much smaller than 1 mm. Hence most opti-
cal studies of this material were limited to the ab-plane

‘response and only a glimpse of the c-axis response was

present in early studies of ceramic samples.® Although
it has been shown that the optical anisotropy of thin
platelets of YBagCuzO7_s (Ref. 7) and Bi;SrsCaCusOs
(Ref. 8) can be determined with an infrared microscope
with the light beam focused to a very small region (typi-
cally 200 um) on the ac face, the operational wavelengths
were diffraction-limited to the midinfrared region. Such
limitations do not occur if oblique-incidence-angle reflec-
tion spectroscopy of the much larger ab face is employed.

' II. OUTLINE OF THE METHOD

The complex reflection coefficients for a uniaxial crys-
tal, with its optical axis oriented perpendicular to the
surface of reflection, are given by the expressions? !
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for s- and p-polarized light, respectively. Here 8 is the
incidence angle and n, and n. are the complex refractive
indices for the ordinary and extraordinary rays, respec-
tively.

Experimentally one has to determine the reflected in-
tensities R(w) for a wide range of frequencies. Hence,
one has 72 = Re?*? of which only R is measured exper-
imentally, while the phase ¢ is calculated from R using
the Kramers-Kronig relations. For s-polarized light the
usual convention is to have ¢ restricted to the interval
from 0 to w. Due to experimental uncertainties nega-
tive values of ¢ may arise, leading to spurious negative
values of the real part of the ab-plane optical conductiv-
ity o.s(w) which one obtains by inverting the expression
for r,. For p-polarized light the situation is different, as
even in the absence of experimental errors the phase may
become negative. _

Once the coefficients r, and r,, are known the indices : o
and n,, or the corresponding complex dielectric functions
€, and €. can be found by solving Eq. (1) for them in
terms of 73 and rp:

) ) 1-r,\°
€, = sin® 0 + cos? @ (ﬁ) ,

- 2
€; = sin® 6 [1 — e cos2 8 (1—_—:’2) ]
. 147,

Given ¢, and €., it is possible to derive all other key
spectral functlons such as optical conductivity and loss
functions.

Our new method can be applied directly to reflectivity
measurements on c-axis-oriented high-7,. superconduct-
ing thin films (we assume a tetragonal crystal structure).
The quantities with subscript o (for “ordinary”) then cor-
respond to the in-plane (the ab plane) parameters and
those with subscript e (for “extraordinary”) correspond
to the axial (the ¢ axis) parameters. As for these materi-
als the conduction parallel to the ab plane is known to be
metallic, with an almost insulating or semiconducting be-
havior along the ¢ axis, we can derive an approximate ex-
pression of the reﬂectwn’.y for p-polarized light when the
sample surface corresponds to the ab plane. Let us first
introduce the parameters | = (cos0)71y/1— ¢;'sin? 0
and =z = nab , with the help of which we can write the
corresponding absorptivity for the p-polarized light in the
form

(2)

. Re(z-1¥) 7
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As Imngp 3> 1 in the limit of metallic conductivity along
the ab plane, we can use 1/Imn,; as the expansion pa-
rameter of a Taylor series. Furthermore we make an ex-
pansion for |sin® @/e;| < 1, so that the leading term of
the series expansion is given by

2sin? 9 1
1— Ry _Ixﬁﬁ;bcosﬁlm<—;:) ) (3)

We see that, for a smoothly varying n,p, the absorptivity
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of p-polarized light has peaks which are essentially the
peaks in the loss function along the ¢ axis. The physical
mechanism behind this type of resonance is in fact similar
to that underlying the Berreman effect!? for dielectric
overlayers on metallic substrates. Although we will use
the full inversion formulas of Eq. (2), Eq. (3) already
shows that the c-axis loss function obtained from such
an inversion is less prone to experimental errors than,
e.g., the c-axis conductivity.

IIl. EXPERIMENT

- With this motivation, we have undertaken a study of
optical anisotropy in T1;BayCa2Cu30io, for which high-
quality large-area c-axis-oriented thin films are available.
Ouwr superconducting c-axis-oriented Tly;BasCasCusOig

- thin films were grown by sputter deposition at ambient

temperature in a symmetrical rf diode sputtering system

" from two identical 1/2 in. targets. The films are typically

5000 A thick and have critical temperatures in the range
120-123 K. The details of film growth techniques and
sample characterizations were published elsewhere.13

Our oblique-incidence reflectivity measurements were
carried out in a Bruker 113v Fourier Transform In-
frared Spectrometer (FTIR) with a CryoVac variable-
temperature exchange-gas cryostat. The infrared spectra
were acquired at temperatures of 108, 163, and 300 K.
The samples and the reference Au mirrors were mounted
together inside the cryostat for calibration of reflectivity
at each temperature during the measurement.

IV. RESULTS AND DISCUSSIONS

In Fig. 1 we present the reflectivity spectra for s- and
p-polarization at various temperatures. As expected, the
reflectivity R, for s-polarized light is higher than the
reflectivity R, for p-polarized light throughout the fre-
quency and temperature range of our measurement. The
R, spectra of Tl;BayCay;CuszOyg are quite representative
of the ab-plane response of high-T, superconductors in

“general. The more or less featureless, quasilinear fre-

quency dependence is quite evident.

A marked difference between our B, and R, spectra
is the existence of strong absorption features positioned
at 400 and 620 cmm~! due to the excitation of c-axis lon-
gitudinal optical phonons. This assignment is supported
by the absence of these fairly strong features in the R,
spectra. Furthermore, from the reflectivity spectra of
ceramic T1;BayCasCuz0io samples® where a number of
c-axis longitudinal optical phonons clearly appear in the
infrared range, one can easily identify the two phonon
peaks positioned near 400 and 620 cm™!, respectively.
The lattice dynamics calculation for Tl;BasCasCusz0qg
by Kulkarni et al.'* also predicts two c-axis longitudinal
optical phonons in the vicinity of these features. Ac-
cording to the above authors, there are A, longitudinal
optical modes situated at 421 and 616 cm™*. The for-
mer corresponds to the vibration along the ¢ axis of the
oxygen atoms in the CuO; and BaO planes against the
Ca atoms. The latter corresponds to the vibration along
the ¢ axis of the oxygen atoms in the BaO planes and the
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Ca atoms against the oxygen atoms in the central CuO,
planes.

In Fig. 2 we display the c-axis loss function of
Tl;BagCazCuz0y9 at various temperatures. We can
easily recognize the two corresponding features due to
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FIG. 1. (a) Reflectivity of TlzBazCa;CusO;p for s-

polarized light (the top three curves) and p-polarized light
(the bottom three curves), measured at 45° angle of incidence.
The temperatures are 108, 163, and 300 K from top to bottom
for each set of three curves. (b) Room temperature reflectivity
(dots) measured with s-polarized (top) and p-polarized (bot-
tom) and high- and low-frequency extrapolations used for the
Kramers-Kronig analysis (solid curves) above 6000 cm ™" and

below 100 cm ™.
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FIG. 2. The loss function for B || c. The temperatures

are 108 (lozenges), 163 (crosses), and 300 K (solid curve).

the aforementioned c-axis longitudinal optical phonons.
These phonon modes do exhibit some change with tem-
perature. Both the 400 cm~! and 620 cm~' shift to
higher frequencies by about 5 cm™! as the temperature
changes from 300 K to 108 K.

The electronic background in the c-axis loss function
is more or less flat at room temperature and the 163
K spectrum is not much different from the 300 K case.
However, in the case of 108 K (below T¢), there is a rise in
the electronic-background intensity in the low-frequency
region. This can be interpreted as the high-frequency
tail of the loss function peak due to the formation of the
c—axis optical plasmon of the superconducting electrons.

ed on this observation, we place an upper limit of 200

‘cm™! or 25 meV on the c-axis plasmon energy.

Let us compare our findings with the experimental re-
ports on other high-7, superconductors. Even though
all of Las_4Sr,CuO,4, YBayCuzOr_s, BiySraCaCus0s,
and T1,BayCasCusz Q19 have an in-plane optical plasmon

at about 1 eV,15 the energy of the c-axis plasmons varies

from one system to another. In the case of YBayCuzOr—s
there is a zero crossing of €. at around 100 cm™1, i.e.,
below the lowest transverse optical mode, correspond-
ing to a longitudinal mode of mixed vibrational and

electronic character.? At higher temperatures this zero

crossing shifts to lower frequencies and eventually dis-
appears, apparently due to an enhanced damping. A
similar behavior has been observed in Las_,Sr,CuQOy,!
where the lowest longitudinal out-of-plane mode is found
at 30 cm~!. BizSr,CaCuzO0s (Ref. 5) does not show any
trace of an out-of-plane plasmon either at room temper-
ature or well below T, even down to 30 cm™
then taken as an experimentally determined upper limit.

Band structure calculations based on the local density

approximation (LDA) can be used to determine intra-

1, which is
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FIG. 3. The conductivity for E || ¢, for 108 K (lozenges),
163 K (crosses), and 300 K (squares).

and interband plasmon frequencies. - Calculations for
Bi;Sr;CaCu,Og Were done by Uspenskii and Rashkeev,®
who obtained bare plasma frequencies of 3.3 and 0.9 eV
for E.1 ¢ and E || ¢, respectively, and about 1.5 eV
for the screened in-plane plasmon. The calculation of
Maksimov et al. for YBay;CuzOr_s gives unscreened in-
traband plasma frequencies (determined from a properly
weighted Fermi velocity) of 3.5, 4.2, and 1.05 eV for
E parallel to the a, b, and ¢ directions,? respectively,
which should be scaled with a factor of 0.5 to obtain
the screened plasma frequencies (W = wp/ /€00, With
€0 7~ 4). For Las..,Sr,Cu0, the LDA results for the
screened in-plane and out-of-plane plasmions are-1.9 eV
and 0.4 €V, respectively.t®1°

So we see that the experimental value of the in-plane .

plasmons of optimally doped samples is about half the
value of the LDA calculation. For the out-of-plane plas-
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mon this discrepancy is even more dramatic, and the
overestimation of LDA amounts to one or more orders
of magnitude. This is in accordance with the notion of
confinement due to incoherent interlayer hopplng, as was
proposed by Anderson.2?

In Fig. 3 we display the c-axis conductivity for our
Tl;BaxCa;CuzO;p sample at various temperatures. As
we mentioned previously the c-axis conductivity is more
susceptible to errors than the c-axis loss function. How- _
ever, one can say that below T. there is a tendency of
depression in the c-axis conductivity below 600 cm™!.
We can compare our results with the c-axis conductivity
of YBay;CuzOy_5 above and below T, determined from
reflection measurements on the ac face of single crys-
tals by Bauer? and Homes ef al.® According to these au-
thors, there is a gaplike depression of conductivity at low
temperatures below 600 cm™!, but there is no clear ev-
idence of a true BCS-like gap. Hence the situation for
YBa.gCu307 § is quite similar to what we found in our
own investigation of Tl,BasCazCuzO1g.

V. CONCLUSION

We demonstrate the feasibility of an experimental tech-
nique to obtain the dielectric function in the directions
parallel and perpendicular to the optical axis of a uniaxial
sample, by oblique-incidence polarized reflectometry. We
applied this technique to a thin film of T13Ba;Ca;CuzOig
in order to study the c-axis infrared response. For this
material no single crystals are available which are suffi-
ciently elongated along the ¢ axis to allow a direct scat-
tering experiment on the ac face. Although the longitu-
dinal optical phonons in the ¢ axis are clearly present,
no plasma-related zero crossing of €. is found above 200
cm™!, which indicates that 200 cm™? is an upper limit
for the out-of-plane plasmon.
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