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In tlie present communication we will review our results on tlie dependence of precursors
o tlie superconducting gap in Bi;SraCa;CugOgys doped with Zn (0 > z > 0.10). From
the infrared difference spectruin, calculated from the difference between tlie transmission
spectra taken at 80K aiid 300K, it is possible to infer tliat tlie presence of tlie gap in tlie
sure compound comes with a process tliat affects carriers at frequencies much higher tlian
;hose for tlie position of tlie gap. Tliis last one is calculated from tlie peak position of tlie
‘atio of spectra Ty /T;,. The introduction of Zn** shifts tliis peaks, present even in tlie non-
superconducting state, to lower frequenciesin a fashion similar to results recently reportecl
for iron doped YBayCuz0,. It disappears for z = 0.10. Tliis behavior suggests that tlie
spin vacancy around copper would introduce a net moment tliat causes tlie destruction
o tlie Cooper pair. We will aso diow results on the Raman scattering response o these
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compounds for tlie two-magnon excitation in tlie normal state.

I. Introduction

Far Infrared and Raman scattering tecliniques are
natural probes for looking into electronic excitations,
searching for spectral evidence on tlie behavior of high
T, superconc'uctors. They imply direct measurement
of tlie pair excitation energy, i.e., of tlie gap 2A. In
addition, tliey also coinplement information retrieved
by tunneling spectroscopy, photoemission and electron
energy loss spectrometry.[1~3)

In tliis paper we will present infrared transmission
and reflectivity data for a series of Bi based high 7,
materials and will apply a qualitative argument from
whidli to infer the gap frequencies. Although tlie anal-
ysisis not rigorous, it serves to understand the dataon
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tlie light of BCS theory.

From tlie early days of spectroscopy, far infrared has
been extensively used in studying conventional super-
conductors. Pioneering work by Tinkham aiid collab-
orators sliowed tliat in oriented thin films of classica
superconductors such as Nb, V, Sn, Pb, this technique
was successful in obtaining the ratio 2A/£7, and that
the values thus obtained were an experimental corrob-
oration for the Bardeen-Copper-Schreiffer-Eliashberg

theory.l46]

Theratio of tlie transmission or reflectivity of spec-
tra between tlie normal and the superconductor state
yields a bell-shaped curve tliat peaks near tlie energy
of tlie gap. Its frequency position suggests mechanisms
that mediate in carrier pairing. Of them, electron-
plionon interactions seem to play a fundamental, but
not unique, role in cuprate superconductors in which
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tlie intervention oOf high-frequency phonons would sug-
gest a BCS beliavior, 2A/kT =~ 3.5. It implies a weak
coupling limit.

Transmission measurements are ideally done {from
oriented thin films iiot tliicker than the penetration
depth, tliat in high T, superconductors is on tlic or-
der of 100-200 nm. Tlie difficulty lies in tlie fact
tliat tlie ideal configuratioiisisiiot easily met because
of the inhomogeneities that introduce in tlie spectra
contributions otlier than the pure response of two-
dimensional CuQs planes, essential t0 superconductiv-
ity Il high 7. cuprates. To our knowledge tliere are few
relevant results reported in tlic literature mentioning
transmission measurements o filins using syiiclirotroii
radiation.l% Superconducting aid normal state trans-
mission through a 100 nm thick film of NbsGe re-
sults in a ratio tliat can be fitted witli Tinkhams’s
approachl™ for transmission of films on anon-absorbing
sbstrate (MgO). The same technique repeated on thin
films of YBayCuszO7_; resulted in a curved bell-shaped
spectrum distorted by phonon modes iiot present in
the classical superconductor. Their analysis, using a
Mattis-Bardeen theory, suggests a similar underlined
contour for both compounds, and coininon to other su-
perconducting thin films, although in tlie last one low-
frequency phonons are superposed to tlie expected pro-
file and unpaired normal carriers blur Lhe gap position.

Reflectivity, on tlie other hand, correspoiids to per-
fect reflectivity since in a perfect superconductor tliere
isno energy loss below the gap aiid thus, tlie tempera-
ture dependence of its edge signals tlie onset of tlie gap.
This is impaired by defects in real systems. Tlie diffi-
culty with both techniques - transmission and reflection
- lies in obtaining absolute values. For tliat reason, as
it is inferred from the above, the ratio of the spectra
attlie room-temperature normal state to tlie one taken
in tlie superconductive state is used in searching for
superconducting gap behavior.

Here we will focus on the phenomenum of supercon-
ductivity in high T, superconductors. It depends heav-
ily on the dynamics in the CuQ; planes of which impor-
tant manifestations are, among others, spectroscopical
evidence of carrier-plionon interactions, low-frequency
gap features, mid-infrared carrier features as well as
tlie two-magnon Raman active band. Thus, we will
show preliminary reflection and transinissioii measure-
ments of sintered pellets of pure BisSryCayCusOsys
(Bi-2212), of those witli Cu substituted by Zn, aiid
With Bi1 75 Pbo.25Sr2Cas CuzOyoys (Bi-2223).181 131-2212
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and Bi-2223 represent two components of tlie family of
bismuth compounds with two (7¢ ~ 80K) aiid three
(T. ~ 110K) CuO; planes respectively.

IL. Results and discussion

Tlie measurements were carried out in @ Bruker
113v in the 10000 cm~! t0 20 ecm~! range using DTGS
detectors. FOr transmission we used semi-transparent
gray pellets made witli spectroscopic grade CsI aiid
minute quantities of tlie sample to be studiecl. All mea-
surements were performed witli the sample on a cold
finger of an Oxford cryogtat DN 1754 and of a Dis-
plex cryogenic systein. We used an aluminum mirror
as 100% reference for reflectivity measureineiits.

A typical low-temperature infrared transmission
spectrum for bismuth cuprates is shown in Fig. 1 for
Biy 75Pbg 25512Ca3Cu301045 (Bi—2223) at 20K. As it
can be seen, there is plionoii structure at 610 cm™?,
480 cm™!, 362 em~*! aiid 326 cm™1! superposed to elec-
tronic contributions. It is known from polarized mea-
surements of single crystal tliat tlic contribution of car-
riers in tlie CuQq layers completely screens all phonon
activity in the ab plane, wliile for vibrations in tlie con-
figuration for E || ¢ reveals strong structure.[?) Thus.
tlie spectra from pellets made of high 7, cuprates, ei-
ther pure or in a CsI matrix, are a superposition Of
spectrafor tliree polarizations, in which tlie structure
observed corresponds to E || c, re.; tlie direction per-
pendicular to tlie CuO, planes.

We observe in Fig. 2(a) that when tlie difference
spectrum is taken for Bi-2223 from tlie substraction
of the spectra run at room temperature and at 100K,
a clear edge is found tliat resembles the beliavior es-
pected for the real part of tlie dielectric function, ¢ ~ip
tlie superconducting state. It signals tlie presence of tlie
superconducting gap at the minimum of the profile. In
addition, unscreened phonons are seen as weak peaks.
The relatively flat trace in the lower part of the same
figure is the spectrum difference between those taken
at 20K and 100K. It is interpreted as evidence that the
pairing process in this sample lias already taken effect
at near T wliile the other ininority phases, maiiily two-
plane Bi-2212, might contribute to its slight slope. We
also note tliat these difference spectra involve carrier
processes at frequencies much higher than the nominal
position of tlie gap. Within tlie saine context, tlie ratio
of the two spectra, 7;,7;, shown in Fig. 2b, peaks at
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about 500 cm™!, i.e., 2A/kT, N 6.5. Tlie departure
to the gap-shape profile suggested by measurements
in NbaGe it again attributed to, again, tlie presence
of phonon aiid temperature-dependent electron-phonon
interactions with normal residual carriers.
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Figure 2. a) Difference spectrum Tips - Tago of Bij.7s
Pboos Srz Cap Cunz Ojpys. b) Transmission ratio
T10s/Ts00 for tlie same compound.

The same arguments can be used to aiialyze data
from Bi-2212. Asit is shown in Fig. 3a, tlie difference
spectrum Tgo- T's00 shows the same profile asin tlie case
of Bi-2223 and tlie ratio of tlie two liastlie expected bell
contour. However, since now 7. N 80K, wefind the pic-
ture shifted dewn to lower energies. In addition, since
tliemicrocrystals areincorporated in Csl, it isnecessary
to note tliat tlie transmission experiment lias a cut-off
frequency at 200 cm~!. Nonetheless, tliat pesk value of
the curve at 24y N 330 em™!, i.e., 2A/kT, ~ 6. s in full
agreement with several reports for tliis compound.[:1%)
I't also strongly suggests that Bi-2212 and Bi-2223share

tlie superconducting mechanism.
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To furllier test tlie spectroscopical response in tliis
region, it is then of inferest to alter tlie content of
tlie two-dimensional CuQ5 plane by introduction of im-
purities. In particular, we discuss tlie effects of re-
placement of Cu by Zn (3d'°4s?). Tts 3d band be-
ing completely full, it eliminates 3d holes at Cu sites
and produces spin vacancies in tlie antiferromagnetic
correlation of tlie planes. As pointed out in several
publications,!"] Zn is known to be a stronger 7, sup-
pressor in all cuprates. Resistivity measurements in
BisSraCag (Cuy—Zny)20s45, 0.00 < 2 < 0.10 indicate
aT, N 25K for x = 0.02 while ten percent of Zn re-
placement, in which some nucleation may occur, yields

a semiconductor-like behavior down to 4 K [12
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Figure 3: a) Difference spectrum Tso - Tsog for Biz Srp
Ca; Cuz Osys. b) Transmission ratio Tso/T300 for tlie
same compound.

In wliat follows, we discuss tlie infrared response of
tliese sainples at tlie onset temperature at which pure
Bi-2212 becomes a superconductor (7, N 80K). Fig-
ures 4a, b, ¢ and d show the ratio of spectra Tso /7500
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Figure 1: Infrared transmission spectrum df Bij 75 Pby 25 Sr2CasCuz O1046 at 20K

for x = 0.01, 0.03, 0.05 and 0.10 respectively. Asit can
be seen, 4d lias aimost the same profile as the curvefor
pure Bi-2212 indicating that the gaps or its precusors as
expected for siiitered material, have afinite distribution
o values. Wlien z isincreased to 0.03 and 0.05 this fea-
ture dliifts down in frequency and, although part o the
bell-shaped curve is missing, it is still possible to infer
its presence, in spite of tlie CsI cut-off. With x = 0.10,
in Fig. 4a, tlie picture is radically altered and thereis
no structure tliat we may associate with tlie gap. By
expanding the vertical scale, we see sharper structure
tliat miglit be, tentatively, assigned to phonons.

We see, that in doped samplesthat have T, at lower
temperature tlian for pure Bi-2212, there are excita-
tions in tlie infrared region acting as precursors that
we miglit associate witli tlie eventual appearance o
tlie gap. Then, additional measurements at lower fre-
quencies than tlie CsI cut-off at 200 cm™! are clearly
needed. For that purpose we have done reflectivity mea-
surements. Figure 5a diows tlie spectra for the pellet
with x = 0.05 at 300K and 80K in tlie region between
300 em~! and 20 cm™!. Tlie ratio, Fig. 5b, yields a
structure peaking at about 100 em~! implying a pre-
cursor of thegap in a material for which, using theratio
6.5~ 2A/kT,, we can estimate a 7, ~ 20K in reason-
able agreement with what is expected from resistivity
measurements. We can then conclude tliat gap precur-

sors in sintered light Zn doped 131-2212 indicate a shift
o tlie gap to lower energies.

There have been a few studies on the alteration
of superconducting and normal state properties due
o tlie presence of Zn in YBasCuzOgyys, 7 < & < 8,
0< 6 < 1. 137161 Iy agreement with our observations
in BigSroCay(Cuy—y,Zn4)20s45, 0.00 < X < 0.10, it
is inferred that local distortions in tlie sublattice and,
mainly, tlie destruction o antiferroinagnetic correla-
tions are closdly related to the supression of 7, with
Zn doping.

Moreover, recent spectroscopic studies!7:13] on tlie
effect of paramagnetic impurities indicate that the ob-
servation of the gap in tlie far-infrared spectra of iron-
doped YBa;CugzO, roughly followsa BCS behavior and
isin agreernent witli tlieoretical predictions on super-
coiiductors witli parainagnetic impurities!!®). Thus, al-
though our quantitative analysis of the present data
is only in progress, tliis preliminary report on the ex-
perimental ineasureinents favors a similar interpreta-
tion. As in those cases, the remanent spin, now due to
spin fluctuations of tlie impairement of antiferromag-
netic order, flips one spin of tlie Cooper pair, causing
its destruction and broadening of tlie electronic states
on both sides of tlie gap.

Another temperature dependent feature, that in
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Figure 4: Transmission ratio Tso-Taoo for BizSr2Cai(Cui—z,Zns)20s44, 0.00 < z < 0.10; (a) x = 0.01, (b) x = 0.03, (¢)
X = 0.05, (d) z =0.10..
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Figure 5: a) Reflectivity spectra for BipSr,Cay(Cuo.05,2n0.05)20s45 at 300 K and 80 K. b) Reflectivity ratio Tgo/Ts0q for
the same compound.
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Figure 6: Typical transinission spectra of BiySr,Cag (Cup.95,Zn0 05 )20s44 at 300 K and 80 K. The inset shows itSreflectivity

at 'o0M temperature.

early measurements lias been identified with a gap, ac-
companies indeed its detection by spectroscopic means.
It is registered in most cuprates in tlie 500 cm™*-800
em™?! (= 8kT, to ~ 12kT,) spectral range. Our mea-
surements, either of Bi-2223 or Bi-2212, do not alter tlie
picture already reported in the literaturel2%! in wliicli
itis associated with a Holstein process, aphonon differ-
ence band, a disorder effect or regarded as a polaronic
feature. However, of all of them, we favor a polaronic-
related explanation because of its close temperature be-
havior to gap detectioii in which carrier pairing effects
and spin fluctuations might not be absent.

At higher frequencies, tlie spectra up to 10000 cm™!
are featureless for Bi-2212 doped witli Zn. Tliey have.
witli small variations, an edge at about 9500 cm~t. A
typical result is shown in figure 6 for Bi-2212 doped
with x = 0.05.

From tlie aboveit isheen concluded tliat Zn impuri-
ties, in addition to hindering carrier hopping, introduce
net spin fluctuationsin tlie two dimensional CuQO; plane
sublattice. Thus, it isalso of interest to investigate the
two-magnon Raman response of this system. Tliisis de-
tected as an asymmetric strong band centered at about

2300 cm~*! in double layer BiySraCa; CuaOsye whose
origin is mainly due to two-magnon scattering. Figure
7 shows our low temperature normal state two-magnon
Raman spectra as recorded in increments of 10 cm™1 in
a Spex-Ramalog spectrophotometer with conventional
photon counting techniques, We used the 5145 A and
4880 A Ar* ion lines with 20 mW at the sample.

For x = 0.00, tlie spectra reproduce tlie known re-
sults, i.e., resonant dependent band profiles with R ~
2.7*J yielding a superexchange interaction J = 1000

em™L.

Singlel®!] and multiphoton scatteringl®2?l is
superposed 0l the lower frequency side of tlie bell-
shaped band, and tlie distinctive asymmetry on the
liiglier frequency side of tlie spectrum recorded with
the 4850 A line is explained in terms of higher order
spin correlations.[?] The spectra for & = 0.02 show
similar cliaracteristics but tlie two spectra have more
differentiated cross sections. At X = 0.10 our results do
not change much, i.e., atliougli for tlie 4550 A spectra
there isa minute increase in tlie band half width at half
maximum in passing from X = 0.02 to z = 0.10. We can
state tliat broadening and shifting to lower frequencies

due to Zn dilution, as in tlie case of (Mn;_,,Zn,)F;
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(ref. 25), are not present.

As pointed out above, in our doped cuprates, 3d
holes are prevented from hopping hindering antiferro-
magnetic co:relations. Thus, with tlie exchange inter-
action J on vhe order of ¢2/U in the Hubbard approxi-
ination, ¢ being tlie hopping integral and U tlie on-site
Coulomb repulsion, one would expect clianges in the
magnetic Raman response, even at low dopant concen-
trations. Asshown in Fig. 7 b, c they are not observed.
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Figure 72 Ncrma state two-magnon Raman spectra d
Bi2512Ca1 (Cui—z,Zn:)20s846, (8) x =0.00, (b) x =0.02,
(c) x =0.10.

It is, liowever, wortli noting that we were able to
fit the broad band in tlie 4880 A spectra of the doped
samples witli only one gaussian. Tliis indicates tliat
higher order spin correlations found in tlie frequency
region between 4J and 5J, and unlike spectra of iron-
doped pellets [¢! are strongly suppressed and may iiot
be present at all for x = 0.10.
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Coiicluding. our preliminary data oii Zn-doped Bi-
2212 points t0 unpaired spin fluctuations as tlie reason
for the detriment of 7,. IHowever, it remains uncer-
tain tlie origin of tlie band observed in our measure-
ments, common to all high 7, cuprates, at ~ 8k7, to
~ 12kT.. Moreover, tlie explanation for tlie failure of
tlie Hubbard approach, for predicting tlie beliavior of
the magnon pair Ranian response in doped sainples as
deduced from our measurements, is iiot intuitive.

References

1. T. Timusk aiid D. Tanner, in The Physical Proper-
ties of HON Temperature Superconductors, edited
by D. M. Ginsbherg (Word Scientific, Singapore,
1989). D. B. Tanner aiid T. Timusk in The Phys-
tcal Properties d High Temperature Superconduc-
tors 111, edited by D. M. Ginsberg (World Scien-
tific, Singapore, 1992).

2. 7. Schlesinger, R. T. Collins, F. Ilcltzberg, C.
Feild, G. Koren and A. Gupta, Pliys. Rev. B41,
11237 (1990).

3. M. Cardona and C. Thomsen, in Physical Prop-
erties of the High Temperature Superconductors,
edited by D. M. Ginsbcrg (World Scientific, Sin-
gapore, 1090).

4. P. L. Richards and M. Tinliliain, Phys. Rev. 119,
575 (1960).

5. R. E. Glover, III, aiid M. Tinkliam, Phys Rev.
108, 243 (1957); Phys Rev. 104, 844 (1956).

6. G. P. Williams, R. C. Budhani, C. J. Hirschmug],
G. L. Carr, S. Perkowitz, B. Lou and T. R. Yang,
Rev. B 41, 4752 (1990); L. Forro, G. L. Carr,
G. P. Williams, D. Mandrus aiid L. Mihaly, Pliys.
Rev. Lett. 65, 1941 (1900); D. B. Tanner, D.
B. Roinero, K. Kamaras, G. L. Carr, L. Forro, D.
Mandrus, L. Mihaly and G. P. Williams, submit-
ted to publication.

7. M. Tinkham, in Far Infrared Properties d Solids,
edited by S. S. Mitraand S. Nudelman (Plenuin
Press, New York, 1970).

8. Thanks are due to B. M. Sudhana, B. J. Reddy, B.
S. Naidu and P. J. Reddy (Department of Pliysics,
Sri Venkateswara University, India) and L. Botto
(Department of Chemistry, Universidad Nacional
de La Plata, Argentina) for making available a
well-cliaracterized pellet of Bi-2223.



174

10

11

12.
13.

14.

15.

16.

17.

M. Shimada, K. Mizuino, S. Miyamoto, M.
Shimizu and J. Tanaka, Physica C 193, 353
(1992).

T. Tiinusk et al. XI-Winter meeting on Low Tem-
perature Physics. (Cocoyote, Mexico, 1990).

G. Xiao, A. Bakhshai, M. Z. Cieplak, Z. Tezaiiovic
and C. L. Chiern, Pliys. Rev. B 39, 315 (1089)
aiid refereiices therein.

C. Fainstein. Private communication.

T. Miyatake, K. Yamaguchi, T. Takata, N.
Koshizuka aiid S. Tanaka, Pliys. Rev. B 44,
(1991).

H. Alloul, P. Mendels, H. Sasalta, J. F. Maruco
aiid J. Arabski, Pliys. Rev. Lett. 67, 3140 (1991).
R. A. Gunasekaran, |. K. Gopalakrishanan, J.
V. Yakhmi and R. M. Iyer, Pliysica C 180, 324
(1991).

P. P. Parsliin, V. P. Glaskpv, M. G. Zemlyanov, A.
V. Irodova, O. E. Parfenov aiid A. A. Chernyshev,
Supercoiiductivity 5, 450 (1992).

E. Seider, M. Bauer, L. Genzel, P. Wyder, A.
Jansen and C. Richter, Sol. State Comm. 72,
85 (1989).

Néstor E. Massa, Carlos Fainstein and Rosana Gastein

18

19.

20.

21.

22.

23.

24.

25.

26.

E. Seider, M. Bauer, L. Genzel aiid II.-U Haber-
meier, Z. Pliys. B 831 (1901).

A. A. Abrikosov, L. P. Gor’kov, Sov. Phys.-JETP
12, 1243 (1963); S. Slialski, O. Betbeder-Malibet,
P. R. Weiss, Pliys. Rev. A 136, 1500 (1964).

D. B. Romero, G. L. Carr, D. B. Tanner, L. Forro,
D. Mandrus, L. Mihaly and G. P. Williams, Pliys.
Rev. B 44, 2818 (1991).

S. Sugai, T. Kobayashi aiid J. Akimitsu, Pliys.
Rev. B 40, 2686 (1989).

C. Thomsen, E. Schénherr, B. Fried! aiid M. Car-
dona, Pliys. Rev. B 42, 943 (1990); S. Sugai, Sol.
State Coinm. 75, 795 (1990).

P. Knoll, C. Tliomseii, M. Cardona and P. Muru-
garaj, Pliys. Rev. B 42, 4542 (1990).

S. Sugai, M. Sato, T. Kobayashi, J. Akiinitau, T.
Ito, II. Takagi, S. Uchida, S. Hosoya, T. Kajitami
and T. Fuyuda, Pliys. Rev. B 42, 1045 (1990).
M. Buchanan, W. J. L. Buyers, R. J. Elliot, R. T.
Harley, W. Hayers, A. M. Perry and I. D. Saville,
J. Phys. C 5, 2011 (1972).

N. E. Massa, S. Duhalde, C. Fainstein, C. Saragovi
and P. Etcliegoin, Ferroelectrics 129, 249 (-1992).



