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Seebeck coefficient study on Mn-doped YBa2Cu3O72 d
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Superconducting samples of YBa2(Cu12xMnx)3O72d with x50, 0.01, 0.015, 0.02, 0.025, 0.035, and 0.05
have been prepared and the temperature variation of the Seebeck coefficient,S(T), has been measured over a
temperature region of 77 to 250 K. The observed features of the results are analyzed in terms of the metallic
diffusion model, the Nagaosa-Lee model, and a narrow band model. The physical parameters obtained are
discussed.@S0163-1829~99!03310-X#
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I. INTRODUCTION

Over the decade, since the discovery of high-Tc supercon-
ductors, study of transport properties has been a rich so
for information on Fermi surface, complimented by theory1–7

and experiments8–12 alike. Compared to resistivity and Ha
coefficient measurements, measurement of Seebeck co
cient is a powerful technique in probing the transport p
nomena with minimal distortion arising from the defe
structures, etc., which are not the characteristic of the sam
studied. Several authors have reported Seebeck coeffic
for several systems such as La22x(Sr,Ba)xCuO4,13,14

YBa2Cu3O72d ~YBCO!,10,12,15–17 Bi2Sr2Ca1Cu2O81y ,18–20

Tl2Ba2Ca2Cu3Oy,
21,22 and HgBa2Ca2Cu3O81d system,23,24

and have analyzed the results obtained in the light of ene
band calculations to understand the transport mechan
involved.10,12,25,27

One of the established consensus on the YBa2Cu3O72d
system is that the Cu 3d and O 2p orbitals in the vicinity of
the Fermi energy (Ef) constitute the superconductivity i
this system. This was supported by the angle resolved p
toemission experiments27–29 and the band calculations.7,30

Consequently doping at the Cu site of YBa2Cu3O72 d ~Ref.
31! or varying oxygen content8,9,32 directly alters the charge
carriers at the vicinity ofEf and hence the transport prope
ties. Variation of hole concentration,p, shows a parabolic
effect onTc , with Tc reaching a maximum at an optimum
value of hole concentration.33 Similar effects of hole deple
tion is observed in YBa2Cu3O72d samples with Pr doped a
the Y site.34 Fisheret al.25 have studied resistivity and the
mopower of YBa2Cu32xCoxO72d system and proposed th
presence of a very narrow band nearEf . Obertelli et al.9

have brought forth the close correlation existing between
thermoelectric power~TEP! and the superconductivity o
several cuprate superconductors. They have also pointed
the crossing over of the sign of the TEP at the vicinity ofTc
maximum where hole doping is optimum. Seebeck coe
cient measurements alonga andb axes of high quality single
crystals15 exhibited a clear distinction between the the
mopowers along the CuO2 plane and CuO chain. Thea axis
thermopower has been found to be close to the inplane t
mopower of other cuprate superconductors whereas thb
PRB 590163-1829/99/59~10!/7178~6!/$15.00
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axis Seebeck coefficient, pertaining to the CuO chain,
highly sensitive to the oxygen content and is quite tempe
ture independent at high temperatures, indicating that
charge carriers along the chain may be from a very nar
band.

Among the Cu site dopants in YBCO, Mn is expected
display intriguing behavior even at its low solubility limit,35

as Mn is known to give higher magnetic moment when s
stituted for Cu in alloys.36 It was reported that Mn prefer
Cu~I! site37,38and on dopingTc remains least altered wherea
the magnetic properties deteriorate fast.39,40 With this back-
ground this work is aimed at probing the alteration of t
Fermi surface by the Mn dopant and to compare it with
effect of other dopants like Fe that occupy Cu~I! site. In this
paper, we present the Seebeck coefficient results
YBa2(Cu12xMnx)3O72d with x varying from 0 to 0.05, ana-
lyzed in terms of the existing theoretical models. To stu
the effect of phonon drag on the Seebeck coefficient of
system, metallic diffusion model24 incorporated with a pho-
non drag term was used. Nagaosa-Lee model3 was used to
estimate Fermi energy and hole concentration~p! at the Cu
site. Finally, Gasumyants narrow band model6 was employed
to gain a rough insight into the band behavior on doping

II. EXPERIMENT

Y:Ba:~Cu,Mn!:O samples of stoichiometric ratio1:2:(1
2x,x)3:7, with x taking values 0, 0.01, 0.015, 0.02, 0.02
0.035, and 0.05 were prepared by solid state route. The s
ing materials of high purity Y2O3, Ba(CO3), CuO, and
MnO2 powders were weighed in the stoichiometric ratio a
mixed in an agate mortar thoroughly for about half an ho
The mixture was then fired at 900 °C for;12 hr. Mixing
and presintering at 900 °C was repeated thrice, for homo
neity. The presintered powders were pressed into square
lets of size 1 cm31 cm30.5 cm at a uniaxial pressure o
;6 T. These pellets were sintered at 930 °C for 36 h a
furnace cooled. These samples were O2 annealed at 450 °C
for ;60 h. The YBa2(Cu0.975Fe0.025)3O72 d sample was also
prepared following the aforementioned procedure.

Samples were characterized by x-ray diffraction, resis
ity and ac susceptibility measurements. XRD pattern reve
7178 ©1999 The American Physical Society
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PRB 59 7179SEEBECK COEFFICIENT STUDY ON Mn-DOPED YBa2Cu3O7-d
no secondary phases in the samples studied, except in
case of x50.05 Mn-doped sample where signature
Ba3Mn2O8 ~with intensity less than 5%! is seen at;31° 2u
value. The peaks were indexed by comparison with the s
dard YBa2Cu3O72 d pattern and thea, b, and c parameters
were calculated by least square refinement. The values
found to be 3.82~1!, 3.88~1!, and 11.67~1! Å, respectively,
and did not vary beyond the limit of calculation error on M
doping. For the Fe doped sample the values are 3.83~1!,
3.87~1!, and 11.65~1! Å, respectively. The calculated value
of lattice parameters are in agreement with those reporte
literature.39,40

The measurement of Seebeck coefficient was carried
following the conventional differential technique. A tem
perature gradient of 1–3 K was maintained across the sam
during the measurement. A Keithley 7002 switching syst
was employed to control the Keithley 182 nano voltmeter
measuring the voltage across the differential copp
constantan thermocouple and the thermoemf (DV) devel-
oped across the sample. Copper correction was done to
tain the absolute thermopower,S.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature variation of resistivity
the YBa2(Cu12xMnx)3O72d with x50, 0.01, 0.015, 0.02
0.025, 0.035, 0.05 and YBa2(Cu0.975Fe0.025)3O72 d samples.
Resistivity increases monotonically with the dopant conc
tration, however, the metallicity (dr/dT) does not show ap
preciable change. Though ther(300) for the 2.5% Fe-doped
sample is higher than that for the 2.5% Mn-doped sam
magnitudes are found to be of the same order. Figur
shows the temperature variation of Seebeck coeffici
S(T), for the above mentioned samples. The normal s
S(T) shows a change over from a concave behavior for
pure and low dopant concentrations, to a convex beha
when more than 3.5% of Mn and Fe are doped into
sample. TheS(T) for the pure sample is much similar to th
b-axis thermopower reported by Cohnet al.15 on the un-
twinned YBa2Cu3O72d crystal. Tallonet al.41 have proposed

FIG. 1. Temperature variation of resistivity fo
YBa2(Cu12xMnx)3O72d samples withx50, 0.01, 0.015, 0.02,
0.025, 0.035, and 0.05 and YBa2(Cu0.975Fe0.025)3O72d samples.
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S(290) to be a reliable gauge for measuring hole concen
tion, asS(290) vs hole concentration,p, follows a universal
curve for the high-Tc cuprate superconductors. Following th
procedure of Tallon@Eq. ~2! in Ref. 41# p was determined
and tabulated~Table I!. It can be seen from Table I thatp
decreases for increasing dopant concentration. The satur
in p above 3.5% of Mn could be due to the solubility limi

IV. MODELING AND ANALYSIS

Classically the temperature variation of thermoelect
power in metals was explained from the nature of Fer
distribution of the charge carriers under the influence o
temperature gradient. The Seebeck coefficient,S, calculated
from the extra energy required in transporting an elect
from the lower temperature end to the higher temperat
end is given as42

S5E Ce~T!

neT
dT, ~1!

FIG. 2. Temperature variation of the Seebeck coefficient
YBa2(Cu12xMnx)3O72d samples withx50, 0.01, 0.015, 0.02,
0.025, 0.035, and 0.05 and YBa2(Cu0.975Fe0.025)3O72d samples.

TABLE I. Fit parameters to the metallic diffusion model andp,
the hole concentration, calculated from theS(290) following Ref.
41. a is the weightage factor to the metallic diffusion contributio
b is the weightage factor to the phonon drag contribution, andc is
the additional constant.

Sample a b c p
mV/K2 mV mV/K

Mn
0.0 3.86531022 1010.34 213.691 0.177
1.0 1.60431022 460.094 0.145
1.5 1.64331022 706.167 0.132
2.0 1.62031022 814.422 0.139
2.5 1.94231022 896.475 0.123
3.5 27.90231022 21711.178 35.541 0.130
5.0 26.01231022 21083.394 26.860 0.115
Fe
2.5 26.99731022 21248.157 13.691 0.123
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7180 PRB 59SAMUEL, BAI, SIVAKUMAR, AND GANESAN
whereCe(T) is the electronic specific heat,n, the electron
density ande, the electronic charge. But this simple expre
sion neglects various scattering processes the electron t
port encounters in a real situation, arising from crystal
fects, phonons, etc.S(T) under strong scattering conditions43

is given by

S~T!5
k

esE s~e!S 2
] f

]e D e2e f

kT
de, ~2!

wheres(e) is the transport function and the other symbo
take the usual notations. Using appropriate transport func
s(e), the effect of different transport mechanisms onS(T)
can be derived.

A. Metallic diffusion model

Several authors have attributed the peak in 100–15
range to phonon drag effect10,14,26,44arising from momentum
transfer between the phonons and the charge carriers.
lowing the Debye’s law, the phonon drag is expected to
crease asT3 at low temperature and diminish asT21 at
higher temperatures (T.QD , the Debye temperature!, be-
cause of the anharmonic phonon-phonon scattering, thus
counting for the peak at low temperatures. But the peak
served nearTc in the high temperature superconductors is
too high a temperature to be accounted for by the ab
phenomenon as observed in Zn-doped YBa2Cu3O72 d .45 But
Cohnet al.26 have argued that at low temperatures, freez
of carrier-optical phonon interaction, responsible for phon
drag at temperatures below 160 K, could result in an
hancement ofSand they have obtained a good fit for theab
plane thermopower measured on crystalline YBCO samp
We have fit our experimental results to the thermopower
fined as26

S5aT1
b

T
. ~3!

Here, the first term corresponds to the diffusion thermopo
and the second term to the phonon drag. For the pure YB
and the samples with more than 2.5% Mn substitution,
additional constant was used to obtain a good fit. Figur
shows the experimental and simulated plots for the th
mopower according to metallic diffusion model given by E
~3! and the fit parameters are given in Table I. The phon
contribution is enhanced with increasing amount of dopa
The sign of the phonon contribution indicates the direction
momentum transfer46 and is affected by the hole concentr
tion. In our samples, forx.0.035 the phonon drag contribu
tion is found to be negative, indicating a reversal in mom
tum transfer.

B. Nagaosa-Lee model

Nagaosa and Lee3 have studied the resonating valen
band~RVB! wherein they assume that the fermions and
spinless bosons are coupled by a gauge field. On integra
the fluctuation in the gauge field, the transport properties
be determined from the sum of the boson contribution a
the fermion contribution.47 Thus the Seebeck coefficient ca
be written as3
-
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n
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S5Sf1SB , ~4!

where

Sf52S kB

e D kBT

Ef
, ~5!

SB5
kB

e S 12 ln
2pp

mkBTD . ~6!

In the above equation for bosonic contribution of the
mopower@Eq. ~6!# we assume the bosons to be the Coo
pairs and the effective mass is taken as 2me . Thus this
model gives us a direct correlation betweenS(T) and hole
concentration,p andEf .

Our experimental results are simulated following t
above equation withp andEf as fit parameters. A weightag
factor,FNL , was used to determine the contribution comi
from SB . Figure 4 shows the simulated plots. The fit para
eters are given in Table II and are in the reasonable ran
except for the pure sample. For samples up to 2.0% Mn
data could be fitted well in the temperature range of 100–
K, whereas for samples with dopants above 2.5% Mn, the
was good only in the temperature range 150–250 K only.
the boson formation due to thermodynamic fluctuations
very unlikely above 2Tc , the bosonic contribution to the
Seebeck coefficient,SB , will diminish at higher tempera-
tures. Thus for the samples with higher dopant concentra
whose measured data could be fitted only at higher temp
ture range is expected to have low bosonic contribution. T
is feebly indicated by theFNL parameter obtained. But, th

FIG. 3. Metallic diffusion model fit to the
YBa2(Cu12xMnx)3O72d samples withx50, 0.01, 0.015, 0.02,
0.025, 0.035, and 0.05 and YBa2(Cu0.975Fe0.025)3O72d samples.
Solid lines are the theoretical simulations.
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abrupt drop by an order in the magnitude ofp estimated from
the bosonic contribution of Seebeck coefficient for samp
above 2.5% Mn doping and the Fe-doped sample could
due to the fall inSB . Also from the low magnitude of the
FNL one can infer the low bosonic contribution. The Fer
energy,Ef , estimated from the fit decreases from 442 m
for the 1% Mn-doped sample to 146 meV for the 3.5% M
doped sample. TheEf for the 2.5% Fe-doped sample is e
timated to be 157 meV. This fall in theEf could be an
indication of the reduction in the charge carriers on dopi
both Mn and Fe alike.

FIG. 4. Nagaosa and Lee model fit to th
YBa2(Cu1-xMnx)3O72d samples with x50, 0.01, 0.015, 0.02,
0.025, 0.035, and 0.05 and YBa2(Cu0.975Fe0.025)3O72 d samples.
Solid lines represent simulated curves.

TABLE II. Fit parameters to the Nagaosa and Lee model.Ef is
the Fermi energy,p is the hole concentration, andFNL is the
weightage factor to the bosonic contribution in the total Seeb
coefficient measured.

Sample Ef p FNL

meV

Mn
1.0 442.8 0.154 1.49631022

1.5 271.3 0.167 1.43431022

2.0 348.6 0.167 1.43931022

2.5 389.0 0.169 1.42931022

3.5 146.2 0.033 1.28531022

5.0 205.2 0.029 1.38231022

Fe
2.5 157.9 0.031 1.30231022
s
e

i

-

,

C. Narrow band model

The temperature independent behavior of thermopo
observed in YBa2Cu3O72 d system has been explained b
considering a narrow band nearEf .12,15,25The saddle point
observed in the high resolution angle resolved photo em
sion experiments on the cuprate superconductors10,48point to
a logarithmic density of states singularity~Van Hove singu-
larity!, close to theEf . Gasumyantset al.6 have attempted a
quantitative estimation of the transport properties, under
narrow band considerations, using a few phenomenolog
parameters such as bandwidth (WD), width of the conduc-
tion window (Ws), and the degree of band filling (F). The
narrow band could be either a single band in the density
states~DOS!, or a narrow peak on a broad background.

On applying the narrow band limitation,43 W!kBT, to
Eq. ~2! the Seebeck coefficient becomes

S5
kB

e
lnS F

12F D'
E2m

eT
. ~7!

To highlight the influence of the bandwidth, Gasumyan
et al.6 have performed the calculations of the transport in
grals retaining only the terms up to second or third power
the distribution function expanded as a Taylor’s series. U
der this approximation,S(T) for W.kBT is given as6

S52
kB

e S Ws*

sinh@Ws* #Fe2m* 1cosh@Ws* #

2
cosh@m* #1cosh@Ws* #

Ws*
3 ln

em* 1eWs*

em* 1e2Ws*
G2m* D ,

~8!

where

m* 5
m

kBT
5 ln

sinh@FWD* #

sinh@~12F !WD* #
,

m is the chemical potential,

Ws* [Ws /2kBT and WD* [WD /2kBT.

We have used the above equation to simulate the T
profiles as a function of temperature and the bandwidth,WD .
Figure 5~a! shows the temperature variation ofS for varying
WD . It is evident from the figure that the hump observed
low temperatures in the high-Tc superconductors can be ex
plained in terms the narrowness of the expected band. It
be seen from the plot that as the bandwidth decrease
broad hump appears onSvs T and moves towards the lowe
temperature asWD further decreases. Further, to illustrate t
effect of asymmetry added to Eq.~8! we have plotted in Fig.
5~b! the temperature variation ofS for varying WD with a
small asymmetry factor,b50.02 WD , added to the band
nearEf . In the case of asymmetry added to the band,S(T)
varies just in the same fashion as in the symmetric case
on the negative side, at higherWD . And at low WD , S(T)
shows some interesting features such asS(T) going negative
at low temperatures and then raising smoothly to a posi

k
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value, until it saturates at high temperatures. This kind
behavior is reported for theb-axis thermopower measured o
untwinned YBa2Cu3O72d single crystals.15 In our measure-
ments the undoped sample shows a similar behavior.

We have fit the experimental results to Eq.~8! by least
square refinement, keepingF, WD, and c (5Ws /WD) as
fitting parameters. Using a small asymmetry factor, a good
was obtained for the pure sample. But, the parameters
obtained are not continuous with those calculated from
symmetric case. Figure 6 shows the calculated and exp
mentalS(T) plots. The fit parameters are given in the Tab
III. The width of the narrow band, as seen from theWD ,
increases from 23 meV for thex50.01 sample to 119 meV
for thex50.035 sample. The band filling factor,F increases
from 0.515 for the 1% Mn-doped sample to 0.524 for t
3.5% Mn-doped sample. Increase inF or the decrease in hol
concentration6 is in agreement with the variation ofp ob-
tained from the fit to Nagaosa Lee model and the Tallo
universal curve.41 The conduction window (Ws) varies mar-
ginally around 35% ofWD , for the different samples studie
but shows no systematic change with doping. This imp
Anderson localization49 is invariant with doping.

FIG. 5. ~a! Temperature variation of Seebeck coefficient f
varying bandwidth (WD), given by Gasumyants’ narrow ban
model.~b! Effect of a small asymmetry factor ofb50.02WD added
aboutEf .
f

t
us
e
ri-

s

s

V. CONCLUSION

Temperature variation of Seebeck coefficient
YBa2(Cu12xMnx)3O72d samples withx50, 0.01, 0.015,
0.02, 0.025, 0.035, 0.05 and a YBa2(Cu0.975Fe0.025)3O72 d
sample were measured.S(290) is found to increase mono
tonically with the dopant concentration, up to 3.5% of M
which seems to be the solubility limit. Phonon drag comp
nent increases with the dopant concentration and momen
transfer changes direction forx.0.035. Ef estimated from
the Nagaosa and Lee model decreases with increasing do
concentration. This is due to the decrease in carrier conc

FIG. 6. Gasumyants’ narrow band model fit to th
YBa2(Cu12xMnx)3O72d samples withx50, 0.01, 0.015, 0.02,
0.025, 0.035, and 0.05 and YBa2(Cu0.975Fe0.025)3O72d samples.
Theoretical simulations are shown as solid lines.

TABLE III. Fit parameters to the Gasumyants narrow ba
model.f is the filling factor,WD is the band width, andc is the ratio
of conduction window to the total bandwidth~i.e., Ws /WD).

Sample f WD c
meV

Mn
0.0 0.607 144.778 0.652
1.0 0.515 23.040 0.039
1.5 0.515 72.389 0.323
2.0 0.516 88.578 0.355
2.5 0.521 53.502 0.292
3.5 0.524 119.494 0.385
5.0 0.521 108.963 0.379
Fe
2.5 0.521 133.089 0.317
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tration with doping, which is consistent with thep calculated
from Tallon’s universal equation and the degree of band
ing F estimated from Gasumyants’ narrow band model. T
band parameters calculated from Gasumyants’ narrow b
model, though they fall in the reasonable range, fail to sh
any systematic change with doping, but a marginal ba
broadening and a fall in the hole concentration can be
ferred. In all the model calculations, the various parame
obtained for the samples with the Mn dopant above 2.5%
s,
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comparable with those obtained for the Fe-doped sam
showing that the effect of both the dopants, Mn and Fe
Cu~I! site are similar.
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