Downloaded from UvA-DARE, the institutional repository of the University of Amsterdam (UvA)
http://hdl.handle.net/11245/2.2623

File ID uvapub:2623
Filename 25421y.pdf
Version unknown

SOURCE (OR PART OF THE FOLLOWING SOURCE):

Type article

Title Experimental test of the interlayer pairing models for high-Tc
superconductors using grazing-incidence infrared reflectometry

Author(s) J. Schuetzmann, H.S. Somal, A.A. Tsvetkov, D. van der Marel, G.E.]. Koops,
N. Koleshnikov, Z.F. Ren, J.H. Wang, E.H. Bruck, A.A. Menovsky

Faculty FNWI: Van der Waals-Zeeman Institute (WZI)

Year 1997

FULL BIBLIOGRAPHIC DETAILS:
http://hdl.handle.net/11245/1.132857

Copyright

1t is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or
copyright holder(s), other than for strictly personal, individual use, unless the work is under an open content licence (like
Creative Commons).

UvA-DARE is a service provided by the library of the University of Amsterdam (http://dare.uva.nl)
(pagedate: 2016-08-01)


http://hdl.handle.net/11245/2.2623
http://hdl.handle.net/11245/1.132857
http://dare.uva.nl

PHYSICAL REVIEW B VOLUME 55, NUMBER 17 1 MAY 1997-|

Experimental test of the interlayer pairing models for high-T. superconductivity
using grazing-incidence infrared reflectometry
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From measurements of the far-infrared reflectivity at grazing angles of incidencgpitfarized light we
determined thec-axis Josephson plasma frequencies of the single layer higtuprates TjBa,CuOgz and
La,_,Sr,CuQ,. We detected a strong plasma resonance at 50'cfor La,_,Sr,CuQ, in excellent agree-
ment with previously published results. For,Bla,CuOg we were able to determine an upper limit of the
unscreened-axis Josephson plasma frequency 100 ¢éror a c-axis penetration deptk15 um. The small
value of w; stands in contrast to recent a prediction based on the interlayer tunneling mechanism of supercon-
ductivity. [S0163-18207)00818-7

A striking feature of the high-, cuprates is the strong above expression fab; is radically different from conven-
anisotropy of the conductivity. Both the low conductivity in tional BCS theory, where, adopting a “dirty-limit” scenario
the ¢ direction (below the Mott limi) and the frequency for the c-axis conductivity,aﬁ follows from the Glover-
dependencgno Drude peak support the “confinement” Tinkham-Ferrel sum rufe
hypothesi$ stating that hopping of single electrons between
neighboring CuQ@ planes is inhibited in the normal state due h? §=4w2ﬁanA(O). 2
to spin-charge separation. As tunneling of pairs of carriers is o
still allowed, the formation of Cooper pairs results in a gainUsing_the ILT  prediction [Eq. ()] we calculate  that
of kinetic energy, which stabilizes the superconducting statews~1500 cm = for Tl,Ba,CuO, and 530 cm " for
Therefore within the Chakravarty-Anderson interlayer model-82-xS/xCuO, (Tc=32 K). In contrast, using Eq(2) we
the main contribution to the condensation enerByfd is ~ calculatew;~200 cm = and 230 cm * for TI,Ba,CuO,
due to the Josephson coupling between adjacent ,Cuodnd L& ,Sr,CuO,, respectively. These values fob,
planes. Recently Andersbmpointed out that, since the Jo- Should still be complemented with the atomic polarizabilities
sephson coupling energy is proportional to the plasma fre@nd optical-phonon parameters for each of these compounds
quency of the condensate (), a proportionality should exist t0 obtain the fullc-axis dielectric function
betweernw; and T, for the cuprates with one CuQayer per ) . 5
unit cell. One of the best compounds for testing the confine- f—e — ﬂ+ﬂa +S Sjoj
ment hypothesis appears to be,Ba,CuO, at optimal oxy- T 0 0 T of-w(etiln)’
gen concentration due to its high valueTgf (85 K) and the _ .
large separation between Cy@lanes(11.57 A). According from which follows the position of the screened Josephson

()

to the interlayer tunnelinglLT) hypothesié™ plasma resonance. . . _
Most experimental techniques aimed at measuringcthe
s 2 16mde? axis penetration depth as; require single crystals of suffi-
hewy= ﬂEcondTv (D cient thicknesgseveral mmin thec direction. Lacking large

crystals of ThBa,CuOg we adopted a different approach:
where n represents the fraction of the condensation energBy measuring the intensities qf-polarized light reflected
contributed by the ILT mechanisfrd is the spacing between from theab surface at a grazing angle of incider@8°) we
adjacent Cu@ planes, anda is the in-plane lattice param- can probe the longitudinal optical modes for the electric-field
eter. The condensation energ&c(,naszﬁ) can be obtained vector along thec axis including thec-axis Josephson
directly from the specific hedtresulting inE.,,=80 ueV ~ plasmon. In this study we used several flux-grown
per unit of CuQ, for TI,Ba,CuO, (T.=85 K) and 13ueV  Tl,Ba,CuOg single crystals from the same batciihe typi-
for slightly underdoped La ,Sr,CuO, (T.=32 K). The cal size of the crystals is>22 mm in theab plane and 0.1
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FIG. 1. dc resistivity and dc susceptibilty measured with

Hlab (10 08 of a Tl,Ba,CuO, single crystal. FIG. 2. ReflectivityR, of a TI,Ba,CuOg single crystal mea-

sured withp-polarized light incident on thab surface at an angle
. . . . f 80°.
mm along thec direction. The field-cooled and zero-field ©

cooled dc magnetic susceptibilinset of Fig. 3 shows a \iun this factor does not influence the position and line shape
10-K wide transition with an onset at 90 K. For the dc trans- ¢ ina c-axis longitudinal modes.

port measurements four gold contacts were evaporated, fO?' The p-polarized reflectivity was measured at an angle of
lowed by a mild baking at 250 °C. The arrangement of th%ncidence of 9=80°. To increase the probing area, we

four voltage and current contacts was selected for Obtai”ingnounted a mozaic of four crystals which was fixed on top of
an accurate value gic, but only relative changes fas 5 cone in order to reject stray light. Absolute reflectivities

could be obtajned. Botp; andp,, have a linear temperature e ohtained by referencing the intensity reflected from the
dependencéFig. 1) as has been reported before for this Com'samples to the reflectivity after Au coating the sampfes

pound by a number of grougsThe drop in resistivity takes. situ. In Fig. 2 we present the grazing incendence reflectivity
place between 95 and 85 K. Details about the preparatiofs he TI,Ba,CuOg. 5 crystal. R, is characterized by a

and characterization of the JBa,CuOs films (T, = 80 K) 54 increase with decreasing temperature, which is caused
and of the L3 _,Sr,CuO, crystals were described in Refs. 9, the temperature dependence of the in-plane optical con-

and 10, respectively. . _ , . _ductivity. ForT=6 K we observe deep and narrow minitha
For a strongly anisotropic material with a high conductiv- at 157, 429, 631 cm?, which lie close to the out-of plane

|ty_ In the ab plane .and a low cqqductlvny along theaxis, frequencieg143, 451, and 648 cm') obtained from lattice-
minima are found in the reflectivity dynamical calculation$® Surprisingly an LO apex-oxygen
2 bending mode predicted at 348 crhwith a relatively large

(4) oscillator strength is absent in our data, similar to what was
observed for TjBa,Ca,Cuz;0;01* From Eq.(3) we see,
that the half-width of the LO phonons in the loss function
(Iml/e) is given by 1f+4moee, S/(e.,+S), wherer is
the intrinsic phonon lifetimeS is the oscillator strength, and
0. is the electronic optical conductivity. Hence the width of

Z, [ sirke these peaks can be used to estimate After correcting for
B €

Zo— 2P

Pl zy+2P

when R&P has a maximum. Herg, is the vacuum imped-
ance. The surface impedance fapolarized light at oblique
incidence is

ZP=
S Nypcosd c

(5) peak asymmetries of the pseudoloss function introduced
through the phaseshifty, we obtained thair,=0.7=0.3
where ¢ is the angle of incidence with the surface normal,S/cm near 500 ¢, i.e., below the dc conductivity at 100 K
and n2,= e, is the ab-plane component of the dielectric (2 S/cm). Two strongly damped modes at 86 and 538
tensor. Thec-axis longitudinal modes appear as sharp reso€m* are close to the calculated in-plane mode frequencies
nances in the surface resistariéayhich is proportional to (84 and 560 cm*). Having established these best-fit param-

the pseudoloss function eters for the optical phonons we were able to determine the
electronic contribution of the in-plane optical conductivity
J1—(sirfble,) (1— Rp)|Nap|cO by fitting the experimental data over a wide frequency range
L(w)= Ime'? = (50 — 6000 cm ) to Eq.(4). Our estimated in-plane optical

PIzo?  2(1+R A ;
1+1Z31Zo| ( 2 ©6) conductivity is in excellent agreement with recent results by

Puchkovet al!®
L(w) is roughly the same as the-axis loss function Although in the normal state the free-carriziaxis plas-
Im(—1/e.) apart from a weakly frequency-dependent phasemon is known to be overdamped in the cuprates, in the su-
shift = m/2— arg(n,,). The second equality in E¢6) can  perconducting state we expect to observe a plasma minimum
be used to calculate(w) from the grazing incidence reflec- in R, at the screened plasma resonangg/ €s,'® where
tivity data. Although this requires an estimate |of,,|, as  eg is the background dielectric functidisee Eq.(3)]. To
[nap| has a smooth frequency dependence, the multiplicatiodemonstrate the reliability of the grazing incidence method
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FIG. 3. ReflectivityR,, of a TI,Ba,CuGg thin film (upper pangl ) : .
and of a LagSrysCuO, single crystal measured with 0 500 1000
p-polarized light incident on thab surface at an angle of 80°.

Frequency (em™

we display in the lower part of Fig. 8, measured on the

ab plane of a Lg_,Sr,CuO, single crystal. BelowT, a FIG. 4. Pseudoloss function(w) of Tl,Ba,CuQg: (a) experi-
minimum occurs, which sharpens and shifts to 50 €M  mental data at 100 Kdashed curveand 6 K(solid), (b) simulation
upon reducing temperature, consistent with the temperatusgr the normal statgdashed and for the superconducting state
dependence ob; found from normal incidence reflectivity (solid) adopting the ILT value fow; of 1500 cni %, (c) simulation
measurement$on theac plane of this crystal. Such a struc- of the superconducting state adopting the BCS valuesfpof 200
ture is not present in the far-infrared or mid-infrared reflec-cm™?, (d) idem. with a residual Drude conductivity of 3 S/cm
tivity spectra for the TjBa,CuQg single crystal(Fig. 2) in  added close to the plasma resonancebjn(c), and(d) o was set
the measured frequency range. Since at low frequencies tiie 0.5 S/cm near the dominant phonon frequencies.

signal-to-noise ratio is limited by the small size of the crys- . o .
tals, we also measureR, of thin films of Tl,Ba,CuOg in position of the three longitudinal optical phonons at 155,

the frequency range from 20 to 8000 ch We observed the 430, and 630 cm*. The solid curve in Fig. @) represents a
same overall behavior and optical phonon spectrum as fo§|m_ulla}tlon_of the superconducting state adopting=1500
the single crystal except for an additional optical phonon off™ ~ implied by the ILT mode[Eq. (1)], while keeping all
the SrTiO; substrate at 170 ciit-. The reflectivity is shown othe(c-aX|s parameters unaltered. The three peaks are now
on an expanded scale in the upper panel of Fig. 3. Even witRf mixed phonon-plasmon character._The Iarg_e value of _the
the strongly improved signal-to-noise ratio no clear evidence/©S€Phson plasma frequency results in a considerable shift of
for a Josephson plasmon is present in these data, except pf€ tWo peaks at 430 and 630 crht_oward_s lower frequen-
haps for a rather broad and shallow mimimum at 40 ém  ©€S, and a strong suppression of intensity of the 155tm
To enable a direct comparison to theory, we display inque. The peak at 700 cnt is essentially a screened super-
Fig. 4@ the c-axis pseudoloss function for JBa,CuQg,  uid plasmon. _ ,
both in the normal and in the superconducting state, calcu-, EXPerimentally no Josephson plasmon is observable in
lated from the reflectivity spectréFig. 2 using Eq. (6), Figs. 2 or 4a) or for the film in qu. 3. exqept perhaps for a
while adopting a smoothly frequency-dependabiplane di- rather br_oad feature around 4Q chin Fig. 3. Take.n to-
electric functione,y fitted toR;, over a wide frequency range gether with the fact that there is no observable shift of_the
up to 8000 cm L. In Figs. 4b)—4(d) we display model cal- LO phonons at 146, 379, and 594 cr"ngs .the temperature is
culations of the pseudoloss function based on the two scé€duced from 300 to 6 K, an upper limit can be set for the
nario’s (BCS and ILT outlined in the Introduction. We used Scréened plasma resonance of flO‘érrUsmg the fitted pho-
the optical-phonon parameters discussed abd¥ée phase hon parameters and.. for E|c,* this implies that the
shift ¢ was calculated from the in-plane dielectric function unscreened Josephson plasma frequency satisiigs
mentioned above. In Figs(@ and 4d) the superconducting <2100 cm %, or equivalently thec-axis penetration depth
response was calculated with a Josephson plasma frequenegtisfiesA;>15 um for T—0. For La_,Sr,CuO, and
calculated from the BCS expressifiaqg. (2)]. In Fig. 4c) it Tl ,Ba,CuOg the fraction of the condensation energy con-
was assumed that there is no resideraixis optical conduc- tributed by the ILT mechanismy= (oS w})?~0.2 and
tivity at the position of the Josephson plasma reson#b@e #7<0.005, respectively. TBa,CuQOg differs from
cm™1). In Fig. 4d) a small residual conductivity of 3 S/cm La,_,Sr,CuQ, in other respects: The very low normal-state
was added near the resonance. Such a residual conductivityaxis conductivity €2 S/cm at 100 K combined with a
is expected in the case dfwave pairing in the presence of linear rise as a function of temperature has been noticed be-
impurity scattering. We notice that the occurrence of the Jofore and is confirmed both from our dc measurements and
sephson plasmon at 50 ¢m has no noticeable effect on the from the dynamical conductivity around 500 crhobtained
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from our analyses of the line shape of the prominent longiab face of La_,Sr,CuO, using grazing incidence
tudinal optical phonons. These observations, and the veripfrared spectroscopy. The screened plasma resonance of
low c-axis Josephson plasma frequency definitely pose l,Ba,CuOg was found to be below 40 cit, correspond-
challenge both to “conventional” mechanisms and to theing to an unscreened-axis Josephson plasma frequency of
implementation of the ILT model as it was described in Ref.100 cm™! and a lower limit of thec-axis penetration depth

1. To comply with these facts within the context of an ILT of 15 um. These experimental results, together with the low
mechanism one may postul4tehe existance of small elec- Vvalue of the conductivity along the direction, pose a chal-
tron pockets in the TIO layers, which are also two-!enge both to conventional theories and the interlayer tunnel-
dimensional2D) and cross the main CuO band only at a fewing mechanism.

points in 2Dk space. The matrix element which would un-  p.v.d.M gratefully acknowledges numerous fruitful dis-
cross these bands is then restricted in R3pace, which cussions with P.W. Anderson and A.J. Leggett at various
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those parts of Fermi surface where the crossing occurshe Netherlands Foundation for Fundamental Research on
Within this scenario large portions of the Fermi surfaceMatter (FOM) with financial aid from the Nederlandse Or-
should exist wher¢A |<|A o, Which can be tested experi- ganisatie voor Wetenschappelijk OnderzgdkVO) and by
mentally. the EEC(Human Capital and Mobility The work performed
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