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For the first time, studies of the temperature dependences of the thermoelectric power for various composi-
tions of Bi,Sr,Ca,Zn, Cu20g,, (x = 1; 0.8; 0.4) in the range 77-320 K have been carried out. The obtained ex-
perimental results are analyzed within the framework of the Xin’s two-band model. The concentration of holes

per copper atom and the band gap of the semiconductor type Bi—O layers are determined. It is shown that the re-

placement of the calcium element with zinc in these proportions does not lead to a change in the electronic band

structure of Bi,Sr,CaCu,Os.,.
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Introduction

The study of transport properties is important for under-
standing the mechanism of superconductivity and the na-
ture of charge carriers in high-temperature superconductors
(HTSC). Thermoelectric power S is a sensitive transport
property for understanding the mechanism of conduction
and the nature of charge carriers. By studying the tempera-
ture dependence of the thermoelectric power, one can ob-
tain information about the type of conductivity and the
mechanisms of scattering of charge carriers in a supercon-
ductor in the normal phase. Besides under certain condi-
tions, with the help of thermoelectric power, it is possible
to analyze such issues as the band structure, band gaps,
which control the transport properties of the material.

Anomalous temperature and concentration dependences
were observed in the study of the thermoelectric power in
HTSC cuprates [1-4]. In La- and Y-based cuprates in the
normal phase, the thermoelectric power does not depend
on the temperature at high temperatures. Near the phase
transition to the superconducting (SC) state, a maximum is
observed on the S(7) dependence [1, 3, 4]. However, in
bismuth superconductors, the temperature dependence of
the thermoelectric power is more sharp character [4-6].

Since the discovery of HTSC, several theoretical mod-
els have been proposed to analyze the thermoelectric pow-
er data, which are: the Phenomenological narrow band
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model [1], Xin’s two-band model [7], a two-band model
with a linear temperature coefficient [8], and Hubbard-
Hamiltonian model [9]. To explain the features obtained on
the temperature dependences of the thermoelectric power
(especially a wide maximum above 7.), such models as
phonon drag [10], two-band model [11, 12], short-range
antiferromagnetic correlation [13] and the Van Hove sin-
gularity [14, 15] were proposed. However, a satisfactory
interpretation of the experimental results absent.

It is known that impurities have a significant effect on
the structure, transport properties, and phase composition
of the material. This leads to a change in the basic parame-
ters of superconductors. References 5 and 16-24] are de-
voted to the influence of various impurities on the transport
phenomena of HTSC’s. In Y-123, when copper is replaced
by both magnetic and nonmagnetic impurities, supercon-
ductivity is suppressed [16, 17]. In the case of p-type con-
ductivity, when copper is substituted, the Zn impurities act
as electron doping and lead to the formation of deep impu-
rity levels. The presence of such levels leads to strong res-
onant scattering of charge carriers [18].

It is known that in Bi-based HTSC, there is a weak
bond between Bi—O layers. Therefore, to improve the su-
perconducting properties, Bi is replaced with various ele-
ments. In this case, the structural properties do not change
significantly, however, a change in the concentration of
charge carriers affects the critical temperature [20-24].
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On the other hand, atomic-crystal defects arising due to
distortions of superconducting CuO, layers, as well as
point defects in layers formed by calcium atoms when they
are replaced with various elements, are pinning centers in
Bi-based HTSC.

Taking into account the fact that the introduction of
various impurities has a significant effect on the structure
and conductivity, which leads to a change in the basic
superconducting properties, we investigated the Bi-2:2:1:2
system with a partial replacement of Ca by the Zn ele-
ment. In this article, we investigated the temperature de-
pendence of the thermoelectric power of polycrystalline
samples Bi,Sr,CaCu,Og4y, BiySr,CagsZny,Cu,0ssy, and
Bi,S1,Cag 4Zn( 6CuyOgs,.

Experimental results and their discussion

The  investigated  polycrystalline samples  of
Bi,Sr,CaCu,0ss,), Bi,Sr,Cag 3Zn; ,Cu,0s-), and
Bi,S1,Cag4Zn) sCu,Os4, were prepared by the solid-state
ceramic technique. Powders of CaCO;, SrCO;, and CuO in
the desired ratio were mixed and synthesized at 11731243
K for 30 h, then Bi,03 and ZnO were added. X-ray diffrac-
tion analysis (XRD) of polycrystalline samples was carried
out on a Brucker-D8 Advance diffractometer at room tem-
perature in the range of 5° <20 < 80°. The XRD patterns of
investigated samples are shown in Fig. 1.

According to x-ray data, the samples of Bi,Sr,CaCu,Os,
and Bi,Sr,Ca 3Zn,,Cu,0s., can be considered monophase
and correspond to the orthorhombic Pnnn group with lat-
tice parameters a = 5.396, b = 5.395, ¢ =3 0.643 A. How-
ever, Bi,Sr,Cag4ZngcCu,Ogs, consists of two phases. The
main phase corresponds to the orthorhombic Pnnn group
with lattice parameters a = 5.429, b= 5.431, ¢ = 30.840 A.
The other phase is the tetragonal /4/mmm group with lat-
tice parameters a = 3.8097 and ¢ = 24.607 A, respectively.
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As can be seen from the data, the parameters of the unit
cell change. The reason for this change is the inclusion of zinc
ions in the intermediate regions of the unit cell. This leads to a
distortion of the crystal structure and, consequently, to a
change in the size of the unit cell. Analysis of the data ob-
tained shows that zinc atoms cannot completely take the place
of the element calcium. This is because of the fact that the
ionic radii of these elements differ: Ca (1.04 A) and Zn (0.83
A). As a result, additional pressure arises, and the crystal
structure is deformed, and the lattice parameters change [25].

The thermoelectric power measurements were carried
out in the temperature range 80-560 K by the four-probe
method. Samples for measurement were made in the form
of a rectangular bar with dimensions of 8x3x1.2 mm. The
obtained experimental results are shown in Fig. 2.

As can be seen, the character of the temperature de-
pendence of the thermoelectric power is the same for all
samples and has the form observed for other Bi-based
HTSC’s. The thermoelectric power has a positive sign cor-
responding to the hole type of conductivity in all investi-
gated temperature intervals. In the normal state, the ther-
moelectric power for all investigated compositions decreases
with increasing temperature. At temperatures above
the maximum, the thermoelectric power has a negative slope,
dsS/dT, with values of — 0.033 uV/K? (Bi,Sr,CaCu,0g3.4y),
—0.021 pV/K* (BiySryCagsZn,Cuy0g.,), and —0.015 pV/K?
(Bi,Sr,Cag4Zn( sCu,0s4,), respectively. S(7) dependences
pass through a maximum before the phase transition and
sharply decreases to zero with decreasing temperature. The
temperatures of the maximum thermoelectric power of the
investigated compositions are 7 ~ 125 K (Bi,Sr,CaCu,Os,),
T'~120K  (Bi,SryCaggZng,CuyOs4,), and T~117K
(Bi,Sr,Cag 4Zng ¢Cu,034,). This takes place both in Bi- and
Tl-based superconductors, regardless of the number of
layers n in the unit cell [26, 27].
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Fig. 1. X-ray diffractograms of the investigated samples.
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Fig. 2. Temperature dependences of the thermoelectric power of the
studied samples: Bi,Sr,CaCu,0s.y (1), Bi,Sr,CagsZng,Cu,04.y.(2),
Bi,Sr,Cay4Zng 6Cu,yOg+y (3).

Note that phase transformations are not observed in
Bi-2212 up to the melting point. Therefore, along with a
relatively simple method for obtaining a single-phase state,
this composition is also a convenient model object for ana-
lyzing the obtained experimental data.

The temperature dependence of the thermoelectric
power of investigated samples cannot be analyzed taking
into account one type of charge carriers. Hole type of con-
ductivity and negative temperature coefficient of thermo-
electric power indicates the participation of electrons in
conductivity at the same time. Therefore, it is reasonable to
apply a two-band model to analyze the obtained results.
The total value of thermoelectric power is given by contri-
butions from both bands and is expressed by

9 (o]
S = LS + S, 1
P +o, " W

6,+0, c, »

where S, and S, are thermoelectric power, o,
conductivity due to holes and electrons, respectively. In
this case, S and 6, + o, are the experimental values of the
total thermoelectric power and conductivity.

Analysis of the experimental data on the thermoelectric
power of Bi-based HTSC’s shows the participation of elec-
trons in conduction. However, the question arises about the
nature of the energy bands for electrons and holes. This
issue was analyzed in [4, 6, 28], where it was suggested
that in Bi-2:2:1:2, electronic conductivity dominates in Bi—O
layers, and hole conductivity prevails in Cu—O one. A de-
crease in the valence state of Bi (Bi*'—Bi*™) leads to an
increase in the electronic conductivity in the Bi—O layers,
and an increase in the valence of copper (Cu®'—Cu*™)
leads to a hole conductivity in the Cu—O layers.

Xin et al. developed a two-band model to analyze the
thermoelectric data, where one zone is formed by Cu-O
and the other by T1-O planes (in our case Bi—O planes) [7].
According to [7], the thermoelectric power is expressed by

and G, are

.
S:—gzn{dlnc (E):|T+{£+£dlnr(E)
dinE e e dhnE

T}Ea/kr_
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Taking into account the linear and exponential parts,
expression (2) can be represented by

S=AT+(BA+CT)exp (A /T), 3)

where 4, B, and C are constants for a particular material, 7
is the temperature, A=E_/kg, E.=E,/2 is the energy
gap between the bottom of the conduction band and the
middle of the band gap, kj is the Boltzmann constant. As
can be seen from (3), the value of the constant 4 deter-
mines the contribution of holes in the Cu—O planes. Note
that the hole concentration p depends on the synthesis con-
ditions. It decreases with increasing temperature and sin-
tering time.

It is known that the hole concentration p per each cop-
per atom in HTSC materials can be calculated by using the
relation [26]:

L _1 826(p-0.16)". )

max
c

It was calculated the hole concentration per copper
atom for each of the studied samples. The calculation
took into account 7" = 90 K for Bi-2221. For the hole
concentration, the values p = 0.1997 (Bi,Sr,CaCu,0s.,),
p = 0.1979 (Bi,Sr,Cag3Zng,Cu,0s4,), and p = 0.1957
(Bi,Sr,Cag 4Zng ¢Cu,03.,) were obtained, respectively. A
decrease in the concentration of holes with an increase in
the content of the element zinc is observed. This, in turn,
leads to an increase in S. At the same time, a shift of the
maximum on the temperature dependence to higher tem-
peratures is also observed. However, a simple conclusion
cannot be drawn that a decrease in the hole concentration
should lead to a decrease in thermoelectric power. The
change in the thermoelectric power on the temperature of
the investigated samples (Fig. 2) implies a gradual change
in the electronic part. This contribution is highly dependent
on doping, or the oxygen content. These factors lead to a
change in the valence state of bismuth, which in turn af-
fects the spectrum of the energy gap of Bi-O.

The obtained value of A was used to calculate the band
gap of the semiconductor type Bi—O layers. The parameter
A, which is included in the exponent depends on the band
gap between the Bi—O band and the conduction band. By
using the relations A=E_/ky, and E.=E, /2, the energy
gap values of the investigated compositions are estimated.
The fitting parameters 4, B, C, as well as the calculated
values of E, are given in Table 1.

Note that the obtained E, values are consistent with the
literature data [5, 28]. In Bi-2212 the gap width depends
upon the extent of intercalation of excess oxygen in the
Bi-O layers. For the near absence of excess oxygen, the gap

122 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 2



Effect of Zn on thermoelectric power in superconducting Bi,Sr,Ca,Zn,_,Cu,Os., compounds

Table 1. The fitting parameters 4, B, C, and calculated values of E,

Parameters
Compounds T.K | dS/dT, pV/K> | A4, pV/K> | B, pV/K®> | C, uv/K2 p MK | EgeV
Bi,Sr,CaCu,0s., 80.5 ~0.015 0.1 -0.15 0.1 0.1997 | 349 0.06
Bi,SryCagsZny,Cu0g,, | 79.3 ~0.021 0.0798 ~0.137 ~0.056 0.1979 | 345 | 0.0595
Bi,SryCag4ZngCu0g., | 78.2 ~0.033 0.068 ~0.13435 ~0.03746 | 0.1957 | 3432 | 0.059

approaches zero. Calculations have shown that a strong
change in the band gap is not observed. This indicates the
constancy of the amount of additional oxygen in the Bi—-O
layers. Thus, the replacement of the calcium element with
zinc in these proportions does not lead to a change in the elec-
tronic band structure of Bi,Sr,CaCu,Ogs,.

Conclusions

XRD analyzes have shown that Bi,Sr,CaCu,Oys,, and
Bi,Sr,Cag 3Zn; ,Cu,0s4, are monophase with lattice param-
eters a = 5.396 A, b =5.395 A, ¢ = 30.643 A (orthorhom-
bic Pnnn). With an increase in the amount of zinc, namely
in Bi,Sr,Cay4Zny ¢Cu,0s4,, in addition to the main phase with
lattice parameters, a = 5.429 A, b =5431 A, ¢ = 30.840 A,
a second tetragonal (/4/mmm) phase is formed with lattice
parameters a = 3.8097 A, ¢ =24.607 A.

The temperature dependences of the thermoelectric
power of Bi,Sr,CaCu,Oss,, Bi,Sr,CaggZng,Cu,0s4,, and
Bi,Sr,Ca4Zn) sCu,Os4, are analyzed within Xin’s two-
band model. The hole concentration and the energy gap of
the semiconductor-like band structure of Bi—O layers are
determined. It was shown that, due to different values of
ionic radii, zinc atoms cannot completely occupy the place
of the element calcium, and are located in intermediate
sections of the unit cell. It was found that the partial re-
placement of the calcium element with zinc in
Bi,Sr,Ca,Zn;_Cu,Os4, (x = 0.8; 0.4) does not change the
structure of Bi—O layers, and, therefore, does not lead to a
change in the electronic band structure of Bi,Sr,CaCu,0s.,.

This work was supported by the Science Development
Foundation under the President of the Republic of Azerbaijan-
Grant Ne ETF-2013-9(15)-46/08/1.

1. S. A. Kazmin, V. I. Kaydanov, and Q. Leysing, Fiz. Tvyordogo
Tela 30,2955 (1988).

2. C.N.R. Rao, T. V. Ramakrishnan, and N. Kumar, Physica C
165, 183 (1990).

3. V. L Tsidilkovskiy, and I. M. Tsidilkovskiy, Fiz. Metall.
Metalloved. 65, 83(1988).

4. S. A. Aliyev, S. S. Ragimov, and V. M. Aliyev, Fiz. Nizk.
Temp. 22,679 (1996) [Low Temp. Phys. 22, 522 (1996)].

5. Berdan Ozkurt, Ahmet Ekicibil, M. Ali Aksan, Bekir
Ozgelik, M. Eyyuphan Yakinci, and Kerim Kiymach, J. Low
Temp. Phys. 147, 31 (2007).

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 2

. M. Chandra Sekhar and S. V. Suryanarayana, Physica C 415,

209 (2004).

. Y. Xin, K. W. Wong, C. X. Fan, Z. Z. Sheng, and F. T.

Chan, Phys. Rev. B 48, 557 (1993).

. L. Forro, M. Raki, J. Y. Henry, and C. Ayache, Solid State

Commun. 69, 1097 (1989).

. L. Zhang, C. Liu, X. Yang, and Q. Han, Physica B 279, 230

(2000).

H. J. Trodhal, Phys. Rev. B 51, 6175 (1995).

U. Gottwick, K. Gloss, S. Horn, F. Steglich, and N. Grewe,
J. Magn. Mater. 47 & 48, 536 (1985).

L. Forro, J. Lukatela, and B. Keszie, Solid State Commun.
73, 501 (1990).

G. Hildebrand, T. J. Hagenaars, W. Hanke, S. Grabowski,
and J. Schmalian, Phys. Rev. B 56, R4317 (1997).

D. M. Newns, C. C. Tsui, R. P. Huebener, P. J. M. van
Bentum, P. C. Pattnaik, and C. C. Chi, Phys. Rev. Lett. 73,
1695 (1994).

G. C. Mc Intosh and A. B. Kaiser, Phys. Rev. B 54, 12569
(1996).

J. M. Tarascon, L. H. Greene, P. Barboux, W. R. Mckinnon,
G. W. Hull, T. P. Orlando, K. A. Delin, S. Foner, and
E. J. Mcni, Phys. Rev. B 36, 8393 (1987).

G. Xiao, M. Z. Cieplak, J. Q. Xiao, and C. L. Chien, Phys.
Rev. B 42, 8752 (1990).

S. Q. Ovchinnikov, Fiz. Tvyordogo Tela 41, 596 (1999).

I. N. Askerzade, Phys. Usp. 52, 977 (2009).

I. Askerzade, Unconventional Superconductors: Anisotropy
and Multiband Effects, Springer, Berlin (2012).

M. A. Aksan, M. E. Yakinci, and Y. Balci, Supercond. Sci.
Technol. 13, 955 (2000).

M. M. Ibrahim, S. M. Khalil, and A. M. Ahmed, J. Phys.
Chem. Solids 61, 1553 (2000).

Yu. G. Pogorelov, M. C. Santos, and V. M. Loktev, Fiz. Nizk.
Temp. 37, 803 (2011) [Low Temp. Phys. 37, 633 (201 l)].

A. M. Savchenko and M. A. Savchenko, Fiz. Nizk. Temp. 42,
1198 (2016) [Low Temp. Phys. 42, 940 (2016)].

S. S. Ragimov, I. N. Askerzade, and G. I. Agayeva, J. Supercond.
Nov. Magn. 32,3033 (2019).

M. R. Presland, J. L. Tallon, R. G. Buckley, R. S. Liu, and
N. E. Flower, Physica C 176, 95, (1991).

S. S. Ragimov and 1. N. Askerzade, Techn. Phys. 55, 1538
(2010).

V. P. S. Awana, V. N. Moorthy, and A. V. Narlikar, Phys.
Rev. B 49, 6385 (1994).

123


https://doi.org/10.1016/0921-4534(90)90166-C
https://doi.org/10.1002/best.198800110
https://doi.org/10.1002/best.198800110
https://doi.org/10.1007/s10909-006-9296-3
https://doi.org/10.1007/s10909-006-9296-3
https://doi.org/10.1016/j.physc.2004.08.015
https://doi.org/10.1103/PhysRevB.48.557
https://doi.org/10.1016/0038-1098(89)90493-6
https://doi.org/10.1016/0038-1098(89)90493-6
https://doi.org/10.1016/S0921-4526(99)00758-9
https://doi.org/10.1103/PhysRevB.51.6175
https://doi.org/10.1016/0304-8853(85)90487-1
https://doi.org/10.1016/0038-1098(90)90372-I
https://doi.org/10.1103/PhysRevB.56.R4317
https://doi.org/10.1103/PhysRevLett.73.1695
https://doi.org/10.1103/PhysRevB.54.12569
https://doi.org/10.1103/PhysRevB.36.8393
https://doi.org/10.1103/PhysRevB.42.8752
https://doi.org/10.1103/PhysRevB.42.8752
https://doi.org/10.3367/UFNe.0179.200910a.1033
https://doi.org/10.1007/978-3-642-22652-6
https://doi.org/10.1007/978-3-642-22652-6
https://doi.org/10.1088/0953-2048/13/7/308
https://doi.org/10.1088/0953-2048/13/7/308
https://doi.org/10.1016/S0022-3697(00)00038-X
https://doi.org/10.1016/S0022-3697(00)00038-X
https://doi.org/10.1063/1.3651472
https://doi.org/10.1063/1.4965897
https://doi.org/10.1007/s10948-019-5010-y
https://doi.org/10.1007/s10948-019-5010-y
https://doi.org/10.1016/0921-4534(91)90700-9
https://doi.org/10.1134/S1063784210100245
https://doi.org/10.1103/PhysRevB.49.6385
https://doi.org/10.1103/PhysRevB.49.6385

S. S. Ragimov, I. N. Askerzade, and G. I. Agaeva

Bnnve Zn Ha TepMoeneKkTpopyLinbHYy cuny
y HaanposigHux Bi;Sr,Ca,Zny_,Cu,0Og., cnionykax

S. S. Ragimov, I. N. Askerzade, G. I. Agaeva

Brmepiue mpoBeZieHO NOCITIKEHHS TEMIEPaTypHUX 3aleikK-
HocTeld TepMoepc Mmoo pisHux ckaaxis Bi,Sr,Ca,Zn,; Cu,Ogy,
(x =1;0,8; 0,4) B inTepBani Temmneparyp 77-320 K. Orpumani
CKCIIEPUMEHTAIBHI PE3yJIbTaTH MPOAHATI30BAHO 32 JIOTIOMOTOKO

IBO30HHOT Mozemi XiHa. BH3Ha4ueHO KOHIEHTpALiO HipOK Ha
KOJKEH aTOM MiJi Ta IIMpUHY 3a00pOHEHOI 30HM IIapiB HaIliB-
nposiguukoBoro tumy Bi—O. Iloka3zano, 1mo 3aMiHa enxeMeHTa
KaJBI[iI0 MHKOM B IIEBHHUX HPOIOPLISAX HE IPU3BOIUTH J0 3MIHH
€7IeKTPOHHOT 30HHOI CTPYKTYpH Bi,S1,CaCu,0gs,y.

KinrodoBi cnoBa: eleKTpoHHa 30HHA CTPYKTypa, TepMmoepc,
JIBO30HHA MOJIEIb.
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