IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Thermoelectric power of doped BSCCO superconductors and marginal Fermi liquid theory

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1993 J. Phys.: Condens. Matter 5 669
(http://iopscience.iop.org/0953-8984/5/6/004)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.96
The article was downloaded on 11/05/2010 at 01:06

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/6
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 5 (1993) 669-678. Printed in the UK

Thermoelectric power of doped Bscco superconductors and
marginal Fermi liquid theory

Renuka Rajputt, Deepak Kumarf, R G Sharmaf and Y S Reddy}

t School of Physical Sciences, Jawaharlal Nehru University, New Delhi-110067, India
1 National Physical Laboratory, New Delhi-110012, India

Received 26 August 1992, in final form 13 November 1992

Abstract. Measurements of thermoelectric power of BSCCO superconductors doped
with Sb and Li at various concentrations are reported, We also report a caleulation
of thermoelectric power based on the marginal Fermi liquid hypothesis.  The
calculation is valid above the transition temperature in the lemperature range where
the superconducting fluctuations play no significant role. The measured TEP data fit the
derived formula rather well in the above temperature range (which in this case is 130 K
to 300 K). Using the fits, the basic parameters—such as Fermi energy and those involved
in the marginal Fermi liquid hypothesis—-are derived.

1. Introduction

The thermoelectric power (TEP) of high-T, superconductors has been extensively
studied m the last few years [i-13]. Although initially a lot of variation was
observed in the thermopower data, some clear trends regarding magnitude, sign and
temperature variation for a number of high-T, compounds are now discernible. These
trends pose a great theoretical challenge, as the TEP exhibits rather large departure,
as do other normal-state transport properties, from expectations based on the simple
Mott formula, which along with basic expressions for the phonon-drag contribution
suffices for at least qualitative understanding of the TEP of simple metals. As examples
of TEP anomalies observed in high-T, materials, we mention the following which we
believe are the major ones.

(i) For a number of classes of materials, the TEP has a positive sign, but at the
same time its temperature variation has a negative slope. This is quite contrary to
Mott’s formula according to which the sign and slope of the TEP should be the same.

(if) Linear extrapolation of the high-temperature TEP gives a large zero-
temperature intercept, which is again contrary to the expectation that the TEP must
be zero at zero temperature.

(iii} The TEP exhibits a broad precursor peak just above the transition temperature
before becoming zero at the transition temperature itself.

Since at present we do not have a clear theoretical understanding of even the
simplest transport property, such as resistance, it is not surprising that not much
effort has been reported regarding the interpretation of TEP data.

One purpose of this paper is to make use of the marginal Fermi liquid (MFL)
hypothesis [14] to calculate the TEP. The MFL hypothesis is a single statement
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about the polarizability of the electron system in high-T, materials, which provides a
qualitative explanation for a number of experimental results [14], though the origin
of the hypothesis is not quite understood. We find that the use of the MFL hypothesis
gives a formula for the TEP which is in good accord with the general trends noted
as points (i) and (ii) above. We then attempt to obtain a quantitative comparison
of the formula with our TEP measurements on doped Bi systems. We have carried
out measurements on Bi; (Pb o. 4-zy5b5 51 Ca,Cu; O, with Sb concentration varying
between 0.0 and 02, and Bi, ¢Pbyy 4_)Li, Sr; Ca, Cu30 with Li concentration
varying between 0.0 and 0.3 Rather good fits are obtamed assuming reasonable
values of parameters such as effective carrier mass and carrier density. This also
enables us to discuss the values of some parameters contained in the MFL hypothesis.
Encouraged by these rather nice fits to our data, we have also fitted the formula
with success to some other data reported in the literature. Point (iii) in the above
discussion is believed to be related to two-dimensional superconducting fluctuations,
which we will discuss elsewhere {15].

2. Theory

The TEP S is composed of two components, namely the diffusion component 5; and
the phonon-drag component S,. According to the clementary theory of degenerate
free electron gas [16]

Sy = kT 2eep (1)
and
8, = C,[3ne 2)

where e is the charge of the carrier, e the Fermi energy, n the electron density
and C, the lattice specific heat. At low temperatures S, varies as T° and at high
temperatures as 1/T. To incorporate the detailed many- body effects, S is expressed
as a ratio of two coefficients obtained from Kubo type correlators [17],

§=-(1/T)Lp/Ly ©)

where L,; and L, are obtained from the current-current correlators of the following
form

B
Lualiva) = 57 | 97 O Civa T (i) 5. (O) @

1 B
L]l(i“"’n) el T dr exp(iwn’r){T(je(T) 'je(o))) (5)
%o, B9 J,

where w,, denotes the Matsubara frequency, 2 denotes volume and 7, and jg denote
respecnvely the electric current and heat current operators. The coefficients L, and
Ly, are obtained by the following limiting procedure [17]

L = lim L{kv, — w +i6). ©)
w—0
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Using the standard expression for j, and an approximate expression for jg, given by

jo=2. %(Ck — €p)el,cx, )]
one arrives at the fo;clz)wmg expression [17]

202
Ly = 3?,11-2 512 Z f ( dnp(ﬂ) Gk, €)G,(k,e)v(k,e—i8,e +-18)  (8)

Zhel

St Q}:kz(ek eF)f ( d”F(c)) G,(k, )G, (k, €)v(k,c—ib, e+i6)

&
where ng(¢) is the Fermi function, G, and G, are retarded and advanced single-
particle propagators, - is related to the vertex function and m* is the effective mass
of the carrier. At this point, we make use of the single-particle seif-energy X(k, ¢)
proposed in the MFL hypothesis [14]

E(k,e) = AMeln(zfhw,) — i(7/2)x] (10a)
z = max(|e|, akgT) (108)
where A is a dimensionless coupling constant, ¢ is a constant of the order of 2 and

hw, is a cut-off frequency such that the above expression is valid only for € < fiw,.
Writing £(e) = Xg(€) — il'(¢), and performing sums over k, one finds

_ ne? fde { dnp(e)\ y{kp, e —i6, e+ i8)
b= | 2= (_ de ) 2r'(¢) ()
and
_ ne [ de an(e)
Lp=—3 |5 ( ) Q(e) (12)
where with usuval approximations
_ L e BR@) Yk, € = 8, € + i)
O e

Note that in deriving Q(¢), asymmetry of the density of states around the Fermi
level is crucial. On neglecting vertex corrections, ie. setting v = 1, and evaluating
integrals over ¢ in the degeneracy limit, we find

Ly = nethfm* wikgT (14)
and

Ly, = (nem?k{ T 2m” ex)[1 — A In{akgT/hw )] /2T (0). (15)
Note that L., is the same as the conductivity o. Equations (14) and (15) then lead
to the foliowing formula for S;:

Sy = (7*(2)(ky/e)(kpT/ep)[1 — MIn(akyT/hiw,)]2. (16)
Equation (16) is only the diffusive part of the TEP. If we take the Debye temperature
of the material to be 400 K, for the temperature range of interest we can use the
high-temperature form of the phonon-drag term, to incorporate it as

§=3S5,+ BT an
where B js to be determined empirically. Note that unlike other formulae [18, 19]
for the high-temperature behaviour of S,, equation (16) has the correct behaviour in
the T — O limit. '
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3. Experimental results

Samples are prepared by the usual solid-state reaction technique in two batches for
Sb- and Li-doped specimens, For the Sb-doped specimens, powders of Bi,O;, PbO,
Sb, Oy, SICO,, CaCO; and CuO were taken in the molar ratio of Bi:Pb:St:Sr:Ca:Cu
= 1.6:(0.4—z):x:1.6:2:3, where x varies from 0 to 0.2. Powders were mixed thoroughly
with a pestle and mortar, calcined at 840°C for 72 h and furnace covled to room
temperature. The caicined powder was again ground, pelletized in the form of
rectangular bars, sintered at 850°C for 72 h and furnace cooled to room temperature.

For specimens doped with Li, powders of Bi,O,, PbO, Li,CO;, SrCO;, CaCO,
and CuO were taken in the molar ratio of Bi:Pb:Li:Sr:Ca:Cu: = 1.6:(0.4—~z):2:1.6:2:3
(all 99.99% pure). These powders were mixed thoroughly and calcined at 820°C for
140 h. The calcined powder was ground and pressed in the form of rectangular bars
(45 x 4 x 3 mm?), these bars were sintered at 840°C for 72 b. A final sintering was
carried out at 845°C for 72 h.

The samples were characterized by the x-ray diffraction technique. Room
temperature XRD patterns were recorded for the specimens in a 28 range of 3° to 45°
using Cu Ko radiation. For all the specimens, electrical resistance and thermopower
were measured. Resistance was measured using the four-probe technique, while the
TEP was measured using a differential method [13] in the temperature range from
80 K to 300 K The TEP cryostat has a provision for pumping the liquid nitrogen, so
that the TEP can be measured down to temperatures even [ower than 80 K.

The transition temperature (T;) is obtained by following the resistance of the
specimens as shown in figure 1. Normalized resistance { Ry [ R, ) versus temperature
curves are plotted for specimens of Bi, (Pby, .Sb,Sr) (Ca,Cu;0, with x =0, 0.1
and 0.2. A small concentration (0.1) of Sb increases the T, to 98 K from 90 K (T,
of specimen without Sb), but further increase in Sb concentration reduces T, to a
large extent (T, = 84 K for x = 0.2). The normal-state resistance shows metallic
behaviour (dR/dT is positive), but metallicity (¢ R/dT’) decreases with Sb doping.
Resistance for all three specimens shows a drop at 110 K and finally becomes zero
at T, (=~ 80 K). For specimens with = = 0 and 0.1 the resistance shows only one
broad drop but for x = 0.2 the resistance shows two drops at temperatures 110 K
and 100 K. The onset temperature remains unchanged with Sb doping without any
sign of a superconducting transition above 110 K.

BlLgPYo.a.x158x SheCog Cuydy
{BAOTCX T2 he 4830 X T 2 hr | FC) 1 Bl s Pgy.lis 56, gC0z Cuy Oy
|1?K 4

N

12 {B20T X0 +B40TRT20r +B845E X TR Y ]
oK e 08

°

(R ¢/ Byp) —
4] e o
» ® @

o
)

60 {s]¢] 14Q 18¢ . 220 260C % IDO W‘D ' [ 220 280
TEMPERATURE (K] — TIKY
Figare 1. Normalized resistance (R /Ryp) versus  Figure 2. Normalized resistance ( By / Rz0) versus
temperature plots of Biy¢Pbo.4_.)SbxSr1sCaz  temperaturc plots of Biy ¢Pb(g 4_z)LizSr1eCaz
Cuz Oy specimens for x varying from 0.0 to 0.2, Cu3 0y specimens for z varying from 0.0 to 0.3.
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Figure 2 shows the normalized resistance (Rp/R,,,) versus temperature plots
for Li-doped specimens. As is evident from figure 2 the introduction of Li reduces
the zero-resistance temperature (7,) although the onset temperature is the same
(110 K) for all the specimens. A small concentration of Li (x = 0.1) reduces T
to 90 K from 98 K (T4 of specimen with # = 0). « = 0.1 and 0.2 give the
same resistance temperature behaviour, whereas x = 0.3 shows a two-step resistive
transition corresponding to 110 K and 80 K phase transitions with finite resistance
down to 78 K. By increasing the Li content the transition width is broadened and
metallicity {d R/dT) decreases.

XRD spectra for the Sb-doped specimens show some very interesting results.
For the specimen without Sb, the XRD pattern shows only a high-7, phase with
some weak reflections corresponding to Ca,PbO, and Ca,CuQ,, the contribution
from which seems to be very small. With a small addition of Sb, the primary
component corresponds to the 2223 phase along with a reflection from the 2201
phase. Apart from the reflections already reported there are some extra peaks
corresponding to 26 values between 29° and 31° with corresponding d values of
2988, 2.941 and 2.910 A. These peaks have also been reported by other groups
[20,21]. They have been assigned to a Cu-deficient phase with unit formula
(BiSbPb),Sr,Ca,;Cu,O,. Konstantinov e ol [20] report this 4441 phase to be
monoclinic and non-superconducting above INT; at the same time Xu er al [21]
have reported this phase to be responsible for transition temperatures higher than
110 K. Further increase in Sb concentration (z = 0.2) shows intense reflections for
Ca,PbO,, the 2201 phase and the 4441 phase along with the 2223 phase. The intensity
of reflections corresponding to the new phase has been increased to a large extent for
z = 0.2. XRD patterns for all these specimens are shown in figure 3. XRD patterns
and R-T curves for these specimens clearly show that Sb neither raises the T, of the
2223 phase nor gives rise to the formation of any other new phase responsible for a
transition temperature higher than 110 K. However, it does lead to the formation of a
new Cu-deficient phase, which is either non-superconducting or superconducting with
a transition temperature below 110 K. Doping with a small concentration of Sb may
stabilize the structure which in turn results in an increase in T,. The reason for T,
being low (90 K) even for the specimen without Sb may be that the superconducting
grains are not well connected, as the specimen preparation lacks the intermediate
grinding.

Room temperature XRD spectra for the Li-doped specimens are shown in figure 4.
The specimen without Li shows reflections corresponding to the 2223 phase only. Li
addition leads to formation of the 2212 phase and the 2201 phase with some other
impurities such as Ca,PbO, and CuO. Intensities for these reflections increase with
increasing Li content. Appearance of CuO peaks with Li doping is in agreement with
the results of Kawai ef af [22], but they have reported an increase of T, for the 2212
phase, which is contradictory to our observation of a decrease of T, Whether the
increase of Li content or the decrease in Pb content results in this kind of behaviour
is not very clear from these studies. A Li concentration of (.3 would correspond
to a Pb concentration of 0.1, and that low concentration of Pb itself is responsible
for the two-step incomplete transition. An increase in tranmsition temperature, as
has been seen in the studies of Kawai ef al [22] and Matsubara et al [23] with the
incorporation of Li, is not seen here. Our results suggest that Li does not raise the
transition temperature of either phase (2212 or 2223).

The TEP (S) for all the specimens exhibits a similar kind of behaviour and has
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Figure 3, Room temperature XRD patterns for Sb-  Figure 4. Room temperature XRD patterns for Li-
doped specimens. doped specimens.

been plotted against temperature in figures 5 and 6 for Sb-doped and Li-doped
specimens respectively. The TEP of all the specimens is positive and decreases with
increasing temperature, followed by either a change of sign at higher temperatures
or a tendency to change sign. The TEP shows maxima between 120 K and 135 K for
al] the specimens and the value of this maximum goes down with increasing doping
level. The TEP goes to zero at temperature Tgy, but this is not the same as the zero-
resistance temperature Txp. The maximum value of the TEP (S, ), the temperature
corresponding to the maximum in the TEP T, the zero-thermopower temperature
(T'gy) and the zero-resistance temperature Tr, are summarized in table 1 for all the
specimens.

4. Comparison with theory

In order to compare the experimental TEP data with equation (16), we first make
a plot of (S/T)Y2 versus In T, which should be a straight line according to (16).
These plots for several systems in the temperature range from 120 K to 300 K are
shown in figure 7 and are seen to be good straight lines. These fits arc much better
than the fits to conventional formulae that we tried (e.g. S = AT + B/T). This also
means that the phonon-drag term is somehow quite small. We shall discuss this point
a little later. In order to achieve quantitative comparisons and obtain values of the
parameters involved in the MFL hypothesis, we need to fix some basic parameters. For
this, we derive partial information from the conductivity formula, i.e. equation (14),
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temperature for Li concentration varying from 0.0
to 0.3.

Table 1. Values of (a) maximum TEP (Sn), (P) the temperature at which the maximum
of the TEP occurs (Tw), (¢) the temperature at which the TEP goes to zero (T'so) and
(d) the temperature at which the resistance goes 1 2ero (1'go) against the composition
of the specimens.

Composition of Sm Ta Tso Tre
Big¢Pbo.a—=M:Sr16C20u30, (VK™ K K K
M = Sh

=00 194 120 98 %
z=0.1 16.4 120 98 98
=02 116 115 98 84
M=Li

z=100 144 120 101 98
=102 13.0 127 9% %0
=03 1.0 137 95 —

* Resistance is finite down to 77 K.

which yields the linear slope of resistivity (dp/dT) to be

dp/dT = m*wkgA/neh. (18)

Now for our specimens the average value of (dp/dT) is 1 x 1077Q m K~!. This
is also the order of magnitude for other measurements reported in the literature.
Note that the slope of the straight line in figure 7 is —A(72k%/2eep)V/? and its
intercept on the vertical axis is (72k3/2ecg)/?[1 + Aln(fiw, /akg)]. Thus if we fix
n and m*, we should be able to obtain parameters A, fuo, and e¢z. We have taken
n =3 x 10?! cm~ for the pure Bi system, which is roughly the hole density obtained
by assuming one hole per unit cell. We take m* to be five times the electron mass.
Equation (17) then yields A ~ 4 (table 2 gives values for all the specimens). Now the
slopes and intercepts of straight lines such as that of figure 7 are used to determine
¢p and hw.. However, these parameters do not enable us to fit the experimental
data well. Better fits are obtained for values of ¢y and Aw, which are about 15 to
25% higher. The simplest way to resolve this discrepancy is to attribute it to the
vertex correction factor v which is present in the formula for conductivity but cancels
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out (in this simple theory) from the formula for the TEP. The values of ¢p fitting
the data best for the TEP are listed in table 2. The values of fiw, obtained by a
combination of fitting the y-axis intercept in figure 7 and actual fitting with the data
are found to be of order 600 K (if we take a = 2). These values are much smaller
than ~ 3000 K which the authors of the MFL hypothesis expect it to be. This casts
some doubt about the consistency of the hypothesis with regard to the TEP, but due to
the present lack of understanding of the MFL hypothesis and possible lacunae i the
derivation of the TEP formula, it is difficult to comment on this apparent discrepancy.
Figure 8 shows some fits to the data obtained by using values of parameters from
table 2. Clearly the formula works well for the temperature range from 130 K to
300 K. Above 300 K the predicted curve bends upward after a minimum (at about
380 K in the present instance), whereas the measured TEP in our specimens changes
or seems to be changing sign. On the other hand, the TEP data in yitrium and some
other rare-earth based compounds do exhibit this trend of turning upwards [3, 11].
Our theory clearly cannot account for a change of sign, which we believe is related
to multiband conduction with both electron and hole-type carriers.

Bira Piio,e-in 150, L0z S1y gCoaCuy0y
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Figure 7. Plots of {S/T)¥? versus InT for the
Sb- (0.1, 0.2) and Li- (0.2, 0.3) doped specimens in
the temperature range 120 K to 300 K

Figure 8 Experimental values of TEP plotted
against temperattre along with the theoretically
calculated values. Dashed lines are plots for the

expression of Sy obtained using the marginal Fermi
liquid hypothesis, whereas solid lines are for the TEP
including the phonon-drag term in Sy.

Next we come to the consideration of the phonon-drag effect. As remarked earlier,
equations (16) and (17) suggest a rather small effect. Since the MFL hypothesis implies
a lack of well defined quasi-particles, the form of the phonon-drag term may be quite
different and its magnitude much smaller than that in a conventional system. In any
event, when we fit the data according to {17), we find that reasonably good fits are
obtained by taking B to be negative and of the order of 100 to 150 V. This value of
B is one order of magnitude smaller than what would be obtained by conventional fits
done according to equations (1) and (2). The values of B are also listed in table 2.
Another noteworthy feature of this fit is that the values of the parameters vary rather
systematically with dopant concentration. ep seems to increase linearly with both Li
and Sb doping; however, this may not quite reflect the correct situation, as the value
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Table 2. Parameters oblained on fitting the experimental data to the TEP formutae given
in equations (16) and (17) against the composition of the specimens. Note that two
values of ep are listed, these being obtained by setting B =0 and B # 0.

Composition of A €p Ruate B €R

Biy 6Pbg. 4.« Mz Sr1 6Cay Cu3 Oy X) ® vkl ®
M= Sb

z =100 4 51 000 600 —150 43 00
=101 4 78 00C¢ 600 140 72000
r=102 4 99000 600 -—120 91 000
M=Li

=100 4 65000 600 —100 60 000
r=102 4 70000 600 80 70000
z=103 4 90000 600 ~60 80000
YBa;Cu; 075 [11]

§=0.12 1 220000 600 50 160000
§ = 0.02 2 220000 600 50 240000

of carrier concentration has been kept fixed throughout these fits. Finally we show
the fit of the data of Cohn e al [11] to our equations (16) and (17) in figure 9. Again
one sees rather good agreement, between temperatures of 130 K and 300 K.

YBopCusCqg (of Ref.tl)
6L o=LPRI{&=0.12)
4=~ LPPIA{5=0.00}
4t - 8 .
g A
- a
£z = i
2
w oF =
-2k 05
& ..
-G = LY
Figure 9. Thermopower data of Cohn & o along
- " 1 i Il L i 1 1 - H H
60 100 140 180 220 260 300 340 with theorctically calculated values plotted against
TE MPERATURE(K) temperature.
5. Summary

In conclusion, we would like to point out that measurement of thermopower in Bi
superconductors with two dopants shows similar trends in temperature behaviour.
These data can be nicely fitted in a temperature range from 130 K to 300 K by a
formula derived on the basis of the MFL hypothesis. These fits allow us t0 make
reasonable estimates for the coupling parameter A and cut-off frequency fiw .. The
value of fiw, ~ 60 meV is smaller by a factor of five than the value estimated from
other experiments. The values of various parameters listed in table 2 show systematic
and expected trends with doping.
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